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SUMMARY 
Here both S-shaped and singly curved (here classified as 
S-shaped) duct diffusers for intakes in aeronautical 
propulsion systems are studied. The results are applicable in 
other situations where similar ducts occur; for example on 
V/STOL aircraft employing re-direction of thrust, 
intercomponent ducting in high bypass ratio engines, etc. 
An open circuit static test rig, capable of mass flow 
rates of 5 kg/s, and three-dimensional instrumentation were 
established. Flow measurements were made in S-shaped intake 
duct diffusers for rear mounted gas turbine engines in both 
aircraft and air-breathing missiles. These designs are 
intended for ventral type inlet installation. These ducts 
possess cross-sectional shape transitions, from oblate to 
circular, with area increase and annular ducts at the engine 
face. The work was aimed at both fundamental understanding of 
the flows and at establishing test data for the prediction 
methods. Tests were performed at throat Mach numbers of 
nominally 0.15 and 0.6 and in the unit Reynolds number range 
of 3x1061m - 2x101/m for three different ducts each having 
different upstream bends but common downstream bends. Detailed 
boundary layer surveys were made to establish plane of 
symmetry growth of the viscous region and the extent of three- 
dimensionality away from the plane of symmetry. Data are 
presented in the form of velocity profiles, streamwise and 
cross-flow, integral thicknesses and surface pressure fields. 
Engine face distortion is assessed from full outlet flow 
surveys. Flow visualization was recorded using surface oil 
vi 
flow techniques. Evidence is presented of a trend towards 
three-dimensional separation as the upstream bend increases in 
severity. For the most extreme case large regions of complex 
three-dimensional separated flow occur and topological 
analysis of the recorded surface oil flow pattern allows 
reconstruction of the separating flow. Clear correlations are 
established between flow visualization results and flow 
measurements yielding better understanding. Finally, results 
were compared with a three-dimensional compressible prediction 
method. 
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NOMENCLATURE 
A i) variable defined by A= exp(-S/c 
v 
ii) boundary layer crossflow parameter 
C speed of sound 
cf 
, cf skin friction coefficients in s and n directions 12 
c specific heat at constant volume 
v 
F entrainment coefficient 
g Jacobian of transformation in three dimensions 
ij 
g, g metric and conjugate metric tensor 
ij 
H compressible shape factor 
H incompressible shape factor 
H total enthalpy 
0 
hh metric elements in curvilinear coordinates 
12 
k, k curvature coefficients 
sn 
M Mach number 
P, p total and static pressures 
0 
pl, p2, p3 Conrad probe pressures 
pn Conrad probe pressures normalizing term 
defined by pn = p2 - 4(pl+p3) 
q Jacobian of transformation on duct surface 
R specific gas constant 
Re momentum'thickness Reynolds number 
0 
S entropy 
s, n, streamline coordinates 
viii 
T, T total and static temperatures 
0 
U resultant or freestream velocity 
U streamline velocity at boundary layer edge 
e 
U, U, U velocity gradients in the s, n and C directions 
sn 
u, v, w velocities in s, n and directions 
u, v velocities at the boundary edge in the and n 
ee coordinate directions 
* 
u, v velocities on the d surface in & and n 
** coordinate directions 
1 
u velocities in curvilinear coordinates (x 
i 
u frictional velocity (=(T /p)) 
TwW 
Ti 
V, V, V throughflow velocities 
Ti C 
V, V contravariant mass flow rates 
X, Y, Z, duct profile coordinates 
B, C, 0 
y normal distance from the wall (=c) 
Y+ yu /v 
TW 
za, z transformed distance in the ý direction 
' mean and turbulent quantities 
Greek symbols 
a duct bend or freestream turning angle 
ß, ß skew and limiting streamline angles 
0 
y ratio of specific heats, CP/Cv 
6 boundary layer thickness 
ix 
displacement surface thickness 
S, S displacement thicknesses 
12 
i 
n, or x curvilinear coordinates 
0 ,0 ,0 ,0 momentum thicknesses 
11 12 21 22 
w vorticity 
u dynamic viscosity 
v kinematic viscosity 
p density 
T wall shear stress 
w 
Suffices 
e boundary layer edge 
in inlet 
isen isentropic 
max maximum 
m intermediate 
n transverse 
ref reference 
s streamwise 
w wall 
normal 
* on displacement surface 
N. B. 'Symbols not shown are defined locally. 
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CHAPTER 1 INTRODUCTION 
Flows in curved ducts are found in a wide range of 
practical configurations. The most frequently used are S- 
shaped ducts and passages which occur in a multitude of 
applications, where a combination of bends is employed to re- 
direct the flow. In this thesis both S-shaped and singly 
curved (also classified as S-shaped in this work) duct 
diffusers for air intake portions of aeronautical propulsion 
systems are studied. The results are equally applicable in 
other situations with similar duct geometries and entry flow 
conditions; for example on V/STOL aircraft which employ 
considerable re-direction of the engine's thrust, 
intercomponent ducting in high bypass ratio fan engines, 
internal combustion engine passages and air conditioning 
systems. 
When a jet engine has to be carried in an aircraft 
fuselage and the intake is located in an offset position, this 
necessitates a double bend or S-shaped duct. An exception is 
when the intake is of the submerged type on for example a stealth 
aircraft where only a singly curved duct is necessary.. S- 
shaped ducts are found in aircraft with dorsal, wing-root or 
ventral intakes (Fig. 1-1) and the latter arrangement is 
frequently adopted in military aircraft design because this 
type of inlet airframe integration is more tolerant of high 
angles of incidence. 
In recent years, design changes have led to increases in 
demand for space by modern radar and other guidance equipment 
which needs to be located at the nose of the aircraft or 
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guided missile for maximum efficiency. This together with a 
new generation of fighter aircraft cockpit and canopy design 
for high-g manoeuvre and visibility has made S-shaped intake 
ducts a necessity. Hence, S-shaped intake ducts have been 
recognized as an essential component of modern military 
aircraft and guided air-breathing missiles. 
However, attention was only drawn recently to a need for 
a more thorough understanding of flow in S-shaped intake duct 
diffusers as it was realized that previous ad hoc tests and 
prediction methods were simply not adequate (e. g. see Neumann 
et al 1980). 
Perhaps the most distinguishing characteristic of flows 
in curved ducts is the generation of streamwise vorticity or 
secondary motion. This alters the character of the flow and is 
a source of loss. The generation of one class of secondary 
flow in a bend may be interpreted as the result of a 
transverse or centrifugal pressure gradient, proportional to 
pU2/R, being created as flow of mainstream velocity U passes 
round a bend of mean radius R: the secondary flow is formed 
because the fluid near the flow axis, establishes the radial 
pressure field and the lower velocity in the boundary layer at 
the side walls is continually forced round toward the inner 
wall, and in doing so is continually retarded. This 
type of secondary flow is classed as pressure driven secondary 
flow. 
Flow in S-shaped ducts is further complicated by the fact 
that the secondary motion generation at the first bend is not 
automatically cancelled out at the second bend; the re- 
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direction of pressure gradients because of the second bend not 
only makes the overall flow very complex but also causes 
additional increase in growth of the viscous region and hence 
increase in total pressure loss. 
Squire, Winter and Hawthorne (1950-51) described the 
generation of secondary flow in flow through curved passages 
as an inviscid process given an initial boundary layer of 
thickness 6 (i. e. an initial cross-stream vorticity). Consider 
a duct bend of circular cross section and the associated 
coordinate systems shown in Fig. 1-2. The production of 
streamwise vorticity w from the cross-stream, vorticity w in 
s 
the approaching. flow can be approximated by the formula : 
w= -taw 
s 
The equation relates the magnitude and direction of the 
streamwise vorticity to the existing cross-stream vorticity 
when the flow is turned through an angle a. 
It is however obvious that Hawthorne's analysis is 
not able to describe the flow process adjacent to the wall 
where viscous effects dominate and contemporary crossflow 
models for pressure driven secondary flows of for example 
Mager (1952), Johnston (1960) and Pilatis (1986) are more 
suitable. 
Streamwise vorticities of the second 
such as the formation of secondary 
developing turbulent boundary layer and 
boundary layer are caused by the non-u 
turbulence. Such flows are better described. by 
(1970). 
kind (Prandtl 1952), 
currents inside a 
a corner turbulent 
niformities in wall 
the analysis of Perkins 
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Aircraft intakes operating efficiently at low incidence 
have thin turbulent boundary layers at-entry. Hence there is a 
large core flow region which could be considered to be 
inviscid. Therefore, work on bends in fully developed, pipe 
flows, by for example Ward Smith (1963) and Rowe (1970), is 
not quantitatively relevant but-nevertheless gives insight 
into some features of flow in S-shaped intake ducts. 
Previous work on S-shaped intake ducts consists largely 
of unpublished work at aerospace firms. Their work mainly 
centres on engine face total pressure recovery measurements 
while little attention is paid to the study of the development 
of the boundary layer inside the duct which is a prime feature 
in determining the intake duct performance. 
The first published work on experimental studies of flow 
in S-shaped intake ducts is by Bansod & Bradshaw (1972). They 
presented measurements of total pressure, static pressure, 
surface shear and yaw angle in the flow through several 22.5- 
22.5 degree circular S-shaped ducts (dorsal type) of constant 
area, each with a thin turbulent boundary layer and a Mach 
number of around 0.13 at entry. Their tests were performed 
with'the duct at the outlet of a blow-down rig. They discussed 
the generation of secondary flow at the bends and were able to 
explain that the region of low total pressure at the lower 
half of the S-duct outlet (engine face) is due to the 
expulsion of boundary layer fluid by a pair of contra-rotating 
vortices in the boundary layer. This is influenced by' the 
interaction between the streamwise vorticity-generated in the 
first bend and the local favourable streamwise pressure 
gradient in the second bend region. 
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Taylor et al (1982-84) carried out measurements on two 
constant area 22.5-22.5 degree S-shaped ducts, one of circular 
and the 'other of square shape, each with a thin turbulent 
boundary layer at entry. Their experiments were conducted 
using a water tunnel and with the test duct as part of the 
circuit. Laser-Doppler velocimetry was used to obtain the 
data. In addition to mean flow data, turbulence data were also 
presented. Their findings for both ducts are in general 
similar to that of Bansod & Bradshaw but the secondary flow 
everywhere in the duct and the total pressure distortion at 
the outlet are less prominent because of the relatively mild 
bend curvature and small offset of their ducts; the difference 
in the results between the two ducts could however be used to 
highlight the effect of different cross-sectional shape on 
flow in S-ducts. Perhaps an additional feature in the square 
section duct is the generation of secondary flow of the second 
kind in the corner regions which are supported by the 
anistropy of the turbulent direct stresses. Although 
the measured data of Taylor do not have enough resolution for 
the details to be elucidated, their presence is noticeable 
from the unusual high turbulence and thicker boundary layer in 
these regions. This was also. reported by the following 
researchers. 
Guo & Seddon (1982-83) carried out investigations of flow 
through a rectangular S-shaped duct and an S-shaped duct with 
cross-sectional transition from square to circular. Their 
tests were carried out with the duct mounted in a low speed 
wind tunnel and the main objective was to investigate the 
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effect of incidence (both pitch and yaw) on secondary flow in 
the duct and their work suggested that with a good intake li-p 
design the flow structure at low incidence (up to ±10°) 
remains very similar to the static test cases. 
The shortcomings of the aforementioned work on S-shaped 
ducts are that the experimental studies were mostly carried 
out on ducts with constant cross-sectional shape as well as 
constant area and the test conditions were confined to 
incompressible flow. Hence effects such as diffusion, and 
compressibility have not been studied. 
A more recent experimental study has been carried out by 
Vakili et al (1984-85) on 30-30 degree circular S-shaped ducts 
of constant area and of diffusing area distributions at a 
higher inlet Mach number of 0.6. Measurement of flow 
direction, total and static pressure was by means of a five- 
port cone probe. It is however doubtful whether such a probe 
would produce reliable measurements near the wall when it was 
under the influence of high shear gradient. Nevertheless, 
results presented on the constant area duct show similar 
trends as in incompressible cases reported by other 
researchers but the data available are not useful for detailed 
comparison. Also reported is flow separation occurring in the 
circular S-duct diffuser of area ratio 1.5. The effect of 
separation on the pressure recovery and flow distortion at the 
duct outlet are discussed, but no attempt is made to identify 
the type of separation encountered. 
Although all the previous work surveyed above presented 
measurements within the viscous region, there have been no 
serious attempts on near wall measurement inside the boundary 
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layer. The general crossflow profile within the boundary layer 
produced by the transverse pressure gradient in this type of 
internal flow has never been clear. Therefore, experimental 
studies on this basis form the major theme of the present 
work. 
Work presented in this thesis is of flow measurements 
made in S-shaped intake duct diffusers designed for rear 
mounted gas turbine engines in both missiles and aircraft 
applications. These designs are intended for ventral type 
inlet installation. The ducts possess internal features more 
fully representative of a typical aircraft installation namely 
with cross-sectional shape transition, from oblate to 
circular, with area increase and annular rather than circular 
entry at the engine face. Details of the duct geometries are 
given in Chapter 2. The present investigation was made 
contemporaneously with the early stages of an experimental 
programme of research on S-shaped intakes being made by 
British Aerospace (Hatfield) in association with the Royal 
Aerospace Establishment (Bedford). The work was aimed at both 
fundamental understanding of the flows and at establishing 
test data for the prediction methods. Tests were performed at 
throat Mach numbers of nominally 0.15 and 0.60 and in the unit 
Reynolds number range of 3xl06/m - 2x 107/M for three different 
ducts each having different upstream bends but common 
downstream bend geometries. Detailed boundary layer surveys 
were made using a shear layer probe and a three-porti Conrad 
probe to establish plane of symmetry growth of the viscous 
region and the extent of three-dimensionality away from the 
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plane of symmetry, respectively. Data are presented both in 
the form of velocity profiles - streamwise and crossflow - and 
integral thicknesses. In addition, surface pressure fields are 
presented. Engine face distortion may be assessed from outlet 
flow surveys made by traversing the boundary layer and core 
region. Flow visualization was recorded using surface oil flow 
techniques. Detailed evidence is presented indicating a firm 
trend towards three-dimensional separation as the upstream 
bend is increased in severity. For the most extreme case 
considered large regions of separated flow occur, embodying 
complex three-dimensional features, and topological analysis 
was carried out on the recorded surface oil flow pattern to 
construct the separating flow structure. Clear correlations 
are also established between flow visualization results and 
flow measurements leading to better understanding of the 
effects of duct geometry on flow quality. Finally, 
experimental data for two of the ducts were used to evaluate 
the prediction method developed by successive workers at the 
University of Salford. It is considered that the work 
described in this thesis forms a significant contribution to 
the design of efficient subsonic diffusers for air-breathing 
propulsion systems. 
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CHAPTER 2 EXPERIMENTAL APPARATUS 
i 
2.1 S-shaped intake ducts 
2.1.1 Historical background 
The three S-shaped intake ducts investigated in the this 
work were supplied by the Dynamics Group of the Hatfield 
Division of the British Aerospace plc. 
The three ducts were of designations J, M and N. They 
belonged to a family of six. This family of ducts was evolved 
during the Project Definition phases of a contemporary air 
breathing missile project [B22]. The initial aim of the 
project was to gain experience and attempt to obtain better 
performance (i. e. reduced engine face distortion and increased 
engine face pressure recovery) from the intake than from those 
S-shaped intakes currently employed in some aircraft and 
missiles. 
Ducts J, M and N possess geometrical features that 
highlight the evolution of the family during the project and hence. 
were selected for further detailed investigations. 
2.1.2 Ducts general features and geometries 
The ducts were moulded from glass reinforced epoxy resin, 
with black high-gloss finish inside bore and wall thicknesses 
of nominally 8mm; the tolerance on bore dimensions was 
±0.25mm. 
Figures 2-1 to 2-3 show the duct geometries for J, M and 
N and their area distributions. The duct profile coordinates 
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are shown in the corresponding tables. 
The three ducts have the following common features. The 
length of each duct is 555.0mm, the throat is defined as X=Omm 
and the engine face is located at X=555. Omm. The throat has an 
oblate shape of 93.16mm high and 164.94 wide. The engine face 
has a circular cross section of 206.63mm in diameter. The 
engine face centre bullet starts at X=412. Omm and has a 
diameter of 114.0mm. The overall area ratio between the throat 
and engine face is 1.73; however the diffusion up to the 
engine bullet has an effective area ratio of 2. The mean 
radius of curvature of the downstream bend is 323.0mm. 
Each duct differs by having different maximum centre line 
angles, different lengths of taper between bends and a 
different upstream bend geometry. These geometrical parameters 
are summarized in the following table. 
Duct JMN 
Max. centre 29.40 26.76 28.10 
line angle (deg. ) 
Length of taper (mm) 288.0 435.0 327.5 
Upstream bend mean radius 191.0 co 240.0 
ofcurvature (mm) 
Each duct was fully instrumented. There were originally 
61 static tappings distributed around and along the duct; 24 
extra static tappings were created mainly in the region of the 
downstream bend (.. e. the bend located just upstream of the 
engine face) for circumferential wall pressure measurements; 
the static tappings were made from lmm bore x 0.4mm hypodermic 
tubes mounted normal to the duct bore. For boundary layer 
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traversing, 19 boundary layer probe guides were mounted along 
the upper and lower walls of the duct; the probe guides were 
made from standard brass adapters and were mounted in such a 
way that the probe traversed normal to the surface at the 
measuring points. Locations of the static tappings and 
boundary layer traversing stations on each duct are indicated 
in Chapter 4. 
A bellmouth (Fig. 2-4) was supplied to be installed at 
the duct inlet to ensure good entry flow conditions such that 
an aircraft intake could be simulated. 
A circular duct of length 275.0mm and containing a centre 
body (Fig. 2-5) was supplied to be installed at the duct 
outlet; the centre body was used to simulate the engine face 
centre bullet. 
Further additions (see later sections) included a 
transition duct at the duct inlet for turbulent boundary layer 
development and the engine face traversing ring for a detailed 
boundary layer survey at the engine face, which supplement the 
eight arm 40 probe total pressure rake supplied. 
2.2 Test ria 
2.2.1 Design and construction 
Design and construction of the test rig for S-shaped 
intake duct research took place in the Aeronautical and 
Mechanical Engineering Department's aerodynamics laboratory. 
The design of the test rig was largely pre-determined by the 
intake ducts being tested and by making use of standard 
equipment, available in the laboratory. 
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Figure 2-6 shows the lay-out of the test rig. It is based 
on a sucking arrangement which consists of a fan, driven by a 
22.5kw electric motor, and a conical diffuser which links the 
intake duct to the fan. In addition to the use of the 
bellmouth to ensure good entry flow conditions, a mobile 
filter box which covers the entrance region was used to 
eliminate any inlet disturbance. 
2.2.2 Fan characteristic and diffuser design 
The fan used was of centrifugal type and was housed 
inside a volute casing driven by a 22.5kW electric motor. It 
was capable of producing a maximum pressure head of 550mm of 
water and a volume flow rate well in excess of 5 m3/s. Control 
of the air flow was by means of a valve located at the' fan 
inlet. Air was exhausted'to atmosphere through a 90° bend 
into a square duct with a circular final section surrounded by 
silencing material. The rotational speed of the fan was 
checked by an optical revolution counter, and did not vary by 
more than 0.4% of the design speed throughout the test 
operations. The fan characteristic is shown in Fig. 2-7. 
A conical diffuser of 8.27° degree included angle, length 
to inlet diameter ratio of 7.55 and an area ratio of 4.38 was 
designed to fit between the fan and the intake duct; it was 
capable of a static pressure recovery above 70% throughout the 
test speeds range (Fig. 2-8). The diffuser was made out of 
sheet metal and was manufactured by the Departmental workshop. ' 
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2.2.3 Problem with ground vortex 
Owing to the problem of severe flow unsteadiness, initial 
attempts at duct flow measurement using the test rig were not 
successful. It was later discovered, by means of smoke 
visualization, that the problem was mainly caused by the 
inhalation of a ground vortex. This phenomenon is illustrated 
in Fig. 2-9a; when air is sucked into the duct, on the ground 
a moment of momentum is exerted on a point sink flow by a 
lateral disturbance or wind, resulting in the formation of an 
eddy stream known as a ground vortex. Motycka et al (1975) 
pointed out that there exists a critical height ((H/D) 
cr 
called the ground vortex living height, between the duct inlet 
and the ground, well beyond which the duct inlet must have to 
be positioned in order that the ground vortex ceases to be 
'harmful'. The living height is a function of inlet Mach 
number, lateral wind speed, ambient pressure and temperature. 
Fig. 2-9b shows typical variations of (H/D) with inlet Mach 
cr 
number. 
The lateral disturbance on the test rig was most likely 
to be the rig exhaust back into the laboratory, and" it was 
believed that the distance between the duct inlet and the 
ground was 'below the living height of the ground vortex. Since 
it was not feasible to increase the distance of the rig from 
the ground, the problem was finally solved by the use of a 
mobile filter box, which covered the entrance region of the 
duct during test. The filter box is of size 1m3 and is covered 
with foam sheet 6mm thick as filtering material; the foam 
sheet has a resistance coefficient of nominally 2.8, which is 
14 
adequate to eliminate any inlet disturbance (A11]. The use of 
the filter box was seen to have drastically reduced the flow 
unsteadiness and considerably improved the quality of flow 
delivered by the test rig. 
2.2.4 Calibration duct 
A calibration duct was designed and built in the 
laboratory for calibration of the multi-tube probe for three- 
dimensional boundary layer measurement (Fig. 2-10). The duct 
was designed to be used with the test rig described earlier 
and hence gave a calibration Mach number range of up to 
0.65. The duct was also designed to allow the traversing 
device for probe calibration to be mounted on both walls of 
the channel and hence enable the zero error of the probe to be 
determined. 
Figure 2-11 shows the traversing device used for probe 
calibration, which is the standard equipment available in the 
laboratory.. The device incorporated an anti-backlash gearing 
system which offers an angular resolution of 0.25° and hence 
allowed high precison angular positioning of the probe. 
2.3 Instrumentation 
A Qinling CYG03 differential pressure transducer was used 
to convert pressure difference into an electrical signal. It 
had a range of ±35kN/m2, hysteresis of 0.07%FS, non-linearity 
of ±0.05%FS and repeatability of 0.05%FS. Both. sensitivity and 
zero shift due to temperature were negligible under laboratory 
conditions. The transducer required an excitation current of 
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6.2mA and gave a maximum output of 86mV; the excitation 
current was supplied by a constant current source unit and the 
output voltage was further amplified by the amplifier of a 
signal conditioner. Linearity and repeatability of the 
transducer were checked prior to use and periodically whilst 
in use. 
Two 50cm manometers, one mercury and one paraffin, were 
used to check and calibrate the pressure transducer; the 
paraffin manometer was used for the lower end of the range and 
the mercury manometer was used for the middle to upper end of 
the range of the transducer. The transducer calibration graphs 
are shown in Fig. 2-12. 
Paraffin and mercury multi-manometers were used to 
monitor the surface pressures at the duct throat at low and 
high inlet Mach numbers respectively. 
The laboratory's mercury barometer and thermometer were 
used to measure the laboratory pressure and temperature. 
For duct plane of symmetry boundary layer measurements, a 
single tube probe of 0.55mm diameter with an inner to outer 
diameter ratio of 0.6 was used. An offset design (Fig. 2-13) 
had to be adopted in order to avoid the existing tubings from 
the static tappings, which were embedded in the wall along the 
duct plane of symmetry. 
For three-dimensional boundary layer measurements, a 
three tube Conrad probe with the two side tubes at 450 tip 
angle was' used (Fig. 2-14); each tube in the probe had 
r 
identical dimensions to the single tube probe. The probe was 
calibrated in the calibration duct described earlier. The 
method of calibration is described in Chapter 3. 
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Both boundary layer probes and supports were made from 
0.33mm bore x 0. llmm and 2.2mm bore x 0.4mm hypodermic tubes 
respectively. The probe tips were at distances greater than 5 
times the probe support diameter (3mm) from the supports; hence 
interference due to the probe supports was negligible. 
A manual traversing device was designed and manufactured 
for boundary layer traversing. Fig. 2-15 shows a photograph of 
this device. It employed a hollow screwed rod (M12x1.25) 400mm 
long and a dial gauge of resolution 0.01mm for probe 
positioning; the movable parts were spring loaded such that 
error due to backlash was eliminated. The traversing device 
was used for both duct symmetry plane and three-dimensional 
boundary layer measurements. An electronic circuit using a 
light emitting diode was incorporated with the traversing 
device to indicate probe contact with the duct wall; the 
circuit was designed with an operation amplifier (IC741) to 
ensure high contact sensitivity. 
For engine face three-dimensional boundary layer 
measurements, a ring was designed and manufactured to be 
rotatable between two specially made flanges installed at the 
engine face plane (Fig. 2-16). The ring was marked with 
graduations at 5° intervals and built with a probe guide 
adapter for the traversing device described above. With this 
design, a rotate and traverse measurement technique was 
adopted with only one Conrad probe hence eliminating the cost 
and time for calibrating a multi-yaw probe rake. This 
technique offers flexibility in measurement location and 
avoids blockage to the flow passage as is found with a multi- 
probe rake. 
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2.4 Data acquisition system 
The data acquisition system (Fig. 2-17) consisted of the 
following units: 
1. An automatic 'Scanivalve' unit which housed the 
pressure transducer and was controlled by a scanning 
controller capable of scanning pressures up to 48 channels per 
run at selectable time intervals from lms to 1000ms. 
2. A signal conditioning unit providing the excitation 
current for the pressure transducer, low pass filtering and 
amplification to the transducer output signals. The amplifier 
provided 12 different gain settings for optimal sensitivities 
for low and high test speeds; the output was interfaced with a 
12 bit analogue to digital (A/D) converter in the data logger. 
3. A micro-processor unit which was pre-programmed to 
control processes such as analogue to digital conversion of 
the amplified transducer signals, data logging and data 
transfer to the computer. 
The overall instrumentation error of the data acquisition 
system was less than 1.2%FS and the source of errors are 
stated as follow: 
1. Pressure transducer hysteresis, 
non-linearity and repeatability < 0.170%FS 
2. Quantization error of the A/D converter < 0.025%FS 
3. Amplifier non-linearity < 1.000%FS 
The system was supported by the PDP11/44 computer of the 
Department's data processing bureau. The entire data 
acquisition process was monitored by a vdu console. The vdu 
console was equipped with a graphics facility enabling raw 
18 
data to be plotted on-line for checking. 
2.5 Flow visualization 
A pyrotechnic smoke generator was used to generate a 
large quantity of smoke around the duct inlet region, this was 
used to visualize the ground vortex and random vortices 
originating from near by obstacles, which were discovered to 
be the cause of flow unsteadiness in the ducts. 
Surface oil flow visualizations were carried out on the 
three ducts being tested. Mixtures of yellow fluorescent 
powder and clear paraffin were used; the optimum concentration 
was obtained after a few runs. Using a 100 watt flood lamp to 
illuminate the duct inside surfaces, photographs of the oil 
flow patterns were taken at various positions. The surface oil 
flow visualization provides a complete time-mean wall shear 
stress topology-which, enables flow conditionsnear the duct 
wall to be studied. 
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FIG. 2-lb DUCT J AREA DISTRIBUTION 
X(mm) Z(mm) 9(deg. ) B(mm) C(mm) 
0 215.4 3.5 164.94 93.16 
14.5 213.9 9.0 165.5 93.28 
43.5 206.5 19.0 166.4 94.59 
72.5 194.2 26.2 167.5 97.97 
101.5 178.5 29.4 168.93 102.95 
130.5 162.16 29.4 170.43 109.66 
159.5 145.83 29.4 171.93 116.36 
188.5 129.49 , 29.4 173.42 123.07 
217.5 113.15 29.4 174.92 129.78 
246.5 96.81 29.4 176.42 136.48 
275.5 80.48 29.4 177.92 143.19 
304.5 64.14 29.4 179.41 149.89 
333.5 47.8 29.4 180.91 156.6' 
362.5 32.63 25.8 183.13 165.3 
391.5 20.3 20.4 185.6 175.45 
420.5 11.24 14.7 189.69 187.05 
449.5 5.08 9.1 196.48 196.48 
478.5 1.45 5.0 203.75 203.75 
507.5 0 0 206.63 206.63 
536.5 0 0 206.63 206.63 
555.0 0 0 206.63 206.63 
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FIG. 2-2b DUCT M AREA DISTRIBUTION 
X(suu) Z(mu) 9(deg. ) B(mm) C(mm) 
0 215.4 26.76 164.94 93.16 
14.5 208.9 26.76 164.95 95.07 
43.5 193.47 26.76 166.49 100.92 
72.5 178.85 26.76 168.03 106.77 
101.5 164.22 26.76 169.57 112.63 
130.5 149.6 26.76 171.11 118.48 
159.5 134.98 26.76 172.65 124.33 
188.5 120.36 26.76 174.19 130.18 
217.5 105.74 26.76 175.73 136.04 
246.5 91.12 26.76 177.27 141.89 
275.5 76.49 26.76 178.81 147.74 
304.5 61.87 26.76 180.35 153.59 
333.5 47.25 26.76 181.89 159.45 
362.5 32.63 26.76 183.13 165.3 
391.5 20.3 20.4 185.6 175.45 
420.5 11.24 14.7 189.69 187.05 
449.5 
. 
5.08 9.1 196.48 196.48 
478.5 p1.45 5.0 203.75 203.75 
507.5 0 0 206.63 206.63 
536.5 0 0 206.63 206.63 
555.0 0 0 206.63 206.63 
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FIG. 2-3b DUCT N AREA DISTRIBUTION 
x(mm) z(aus) 9(deg. ) s(mm) C(mm) 
0 216.8 13.0 164.94 93.16 
14.5 212.9 16.0 164.95 95.07 
43.5 202.7 22.0 166.49 100.92 
72.5 188.3 28.1 168.03 106. '7 
101.5 173.0 28.1 169.57 112.63 
130.5 157.0 28.1 171.11 118.48 
159.5 141.2 28.1 172.65 124.33 
188.5 126.0 28.1 174.19 130.19 
217.5 110.0 28.1 175.73 136.04 
246.5 94.4 28.1 177.27 141.39 
275.5 79.1 28.1 178.81 147.74 
304.5 63.5 28.1 180.35 153.59 
333.5 47.8 28.1 181.89 159.45 
362.5 32.63 26.76 183.13 165.3 
391.5 20.3 20.4 185.6 175.45 
420.5 11.24 14.7 186.69 187.05 
449.5 5.08 9.1 196.48 196.48 
t 478.5 1.45 5.0 203.75 203.75 
507.5 0 0 206.63 206.63 
536.5 0 0 206.63 206.63 
555.0 0 0 206.63 206.63 
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CHAPTER 3 MEASUREMENTS 
3.1 S-shaped duct inlet conditions 
In order to ensure that turbulent boundary layer 
development preceded the S-shaped duct inlet, a transition 
duct (having the same cross section at the inlet, and of 
length 130mm equal to the equivalent duct inlet diameter) was 
installed between the bellmouth and the duct to be tested. 
It was decided to use a trip wire to provoke boundary 
layer transition, and Kraemer's method [A21] was used to 
determine the diameter d of the wire for an effective 
transition to turbulent boundary layer flow; the condition 
used is Re (=U d/v) ? 900. 
de 
For the flow conditions under investigation, a trip wire 
of 0.75mm diameter was found to adequately provoke transition. 
The trip wire was fixed by Araldite to the bore of the 
transition duct, 30mm downstream from the bellmouth joint. The 
reason for this distance was to avoid the influence of the 
favourable pressure gradient produced by the bellmouth, which 
would result in laminar reattachment after the trip wire; this 
distance was determined by examining the surface pressure 
distributions along the surfaces of the bellmouth and the 
transition duct. 
In using Kraemer's method, the distance between the point 
of transition X and the position of the trip wire X is 
tr k 
given by: 
U (X -X )/v = 2x10" 
e tr k 
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In this investigation, the transition distances were of the 
order 6mm and 3mm for low and high inlet Mach numbers 
respectively. Therefore, the total distance required for the 
complete transition process was within the transition duct. 
The trip wire was confirmed to be effective throughout the 
test speed range by surface oil flow visualization, and 
transition distances of a similar order as predicted by 
Kraemer's relation were also observed. 
Comparing the boundary layer data measured at the 
transition duct exit and a modified version (by Gibbings et al 
1986) of Coles's relation for the boundary layer after 
turbulent reattactment, 
Ln(H/(H-1)) = 0.094Ln(Re )+0.56 
0 
Fig. 3-1 shows that undistorted boundary layer profiles were 
nearly recovered after the 'trip wire' disturbance. 
The addition of the transition section resulted in a 
boundary layer displacement thickness of order lmm at the S- 
shaped duct inlet; this was equivalent to a blockage, B of t 
2.7% in diffuser terminology, where B is defined as: 
t 
B=1- m(actual)/m(ideal) 
t 
where m is the mass flow rate; the level of blockage was 
considered to be small and therefore acceptable. The Reynolds 
numbers based on the boundary layer momentum thickness were 
r 
the order of 103 and 10" for low and high inlet Mach numbers 
respectively. Therefore, the viscous effects . in the external. 
core flow could be assumed to be negligible. 
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3.2 Multi-tube probe calibration 
Owing to the space limitation and surface complexity 
inside the duct, a fixed probe measurement method was used. 
The flow direction and velocity were determined from 
correlations based on the relationship between probe pressures 
and f. low direction. Based on the assumption that the velocity 
component normal to the wall was small in comparison to the 
streamwise and crosswise velocity components, measurements 
were then confined to surfaces parallel to the wall; hence a 
three tube Conrad probe was used. 
Calibration of the probe was carried out in the 
calibration duct using the calibration traversing device 
described in Chapter 2. The probe was positioned on the tunnel 
centre line, and the probe pressures pl, p2 and p3 (see Fig. 
3-2) were obtained at different probe yaw angles ranging from 
-45° to 45° at two different Mach numbers of 0.15 and 0.6. The 
stream total pressure P (=p2) was obtained when the probe was 
0 
at zero yaw angle to the flow, that is when pl=p3, and the 
static pressure p was measured by the wall static tap. In 
order that the zero error of the probe could be determined, 
calibration was repeated with the probe inverted by installing 
the traversing device on the opposite wall of the tunnel. 
Calibration data were reduced to the forms suggested by 
Dudzinski & Krause (1969), namely yaw angle, normalized total 
pressure difference (p2-P )/pn and normalized static pressure 
0 
difference (? (pl+p3)-p)/pn which are functions of a normalized 
yaw pressure difference (pl-p3)/pn; pn is defined as 
p2-2(pl+p3). These correlations are shown in Figs. 3-2 to 3-4. 
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It can be seen that the yaw angle and the normalized total 
pressure difference are unique functions of the normalized yaw 
pressure difference throughout the calibration flow 
conditions. However, the dependence of the normalized static 
pressure difference function on Mach number casts doubt on the 
ability of the probe to determine static pressure, hence 
measurement of the static pressure should be carried out by an 
independent means. Fig. 3-2 also indicated that the probe zero 
error is negligible within the experimental accuracy. 
Finally, the calibration was checked by comparing the 
measurements of the turbulent boundary layer developed on the 
, 
tunnel wall behind the trip wire; this was carried out at 
probe yaw angles of 00 and 30° (Fig. 3-5). 
3.3 Measurements in S-shaped ducts 
Tests were performed at nominal inlet Mach numbers of 
0.15 and 0.60 for the three S-shaped intake duct diffusers 
described earlier. The test Mach numbers covered both the 
incompressible and subsonic compressible flow regimes. 
Detailed boundary layer and surface pressure measurements were 
made to establish duct plane of symmetry growth of the viscous 
region and the extent of the three-dimensionality away from 
the plane of symmetry. Extensive traversing of the boundary 
layer and the core region at the duct outlet (engine face) 
were also carried out to enable engine face distortion to be 
assessed. 
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3.3.1 Wall pressure measurements 
Wall pressure measurements were carried out on each duct 
along the upper and lower walls in the duct plane of symmetry 
and circumferentially in two cross-sectional planes at 
locations before and after the second bend. 
Before measurement the following procedures were carried out: 
1. The power supply to the electronic equipment was 
turned on to allow adequate 'warming-up' time (approx. 
30mins); this was particularly essential for the pressure 
transducer. 
2. Each static tapping was connected via plastic tubes 
to the numbered ports on the Scanivalve. 
3. Leak tests were carried out on all pneumatic 
connections by blocking each static tapping after feeding in a 
pressure greater than the atmospheric pressure, the pressure 
transducer output was then observed via a digital voltmeter 
for any variation. 
The following procedures were carried out for each run: 
1. The laboratory pressure and temperature were recorded 
before and after the test; the averages were used as 
stagnation values in the calculations. A minor correction was 
used to account for total pressure loss across the inlet 
filter box. 
2. Flow in the duct was allowed to settle after starting 
the rig (approx. 
'3 mins. ). 
3. The mean inlet wall pressure was set by adjusting the 
mass flow rate to give the desired inlet Mach number. 
24 
4. The gain of the pressure transducer signal amplifier 
was selected such that the maximum pressure difference signal 
was within the range of the A/D converter input (0-10V). 
5. The pressure transducer was calibrated against a 
known reference pressure using a manometer at the selected 
amplifier -gain and the transducer output at zero pressure 
difference was recorded. 
6. Data sampling and logging was completed. 
Normally several sets of data for the same duct flow 
condition were collected for statistical analysis, 
repeatability. and consistency checks. Data collected on the 
data logger were transferred to the Department's PDP11 
computer for reduction and analysis. 
The pressure data were finally reduced to the form of the 
pressure coefficient, 
Cp = (p-p )/Q 
in in 
where Q is the mean inlet dynamic head 
in 
and p is the mean inlet static pressure 
in 
and the Mach number, 
M= 
X2 
((P /P) 
isen o(core) 
In using the above relation, isentropic core flow conditions 
were assumed. 
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3.3.2 Boundary layer measurements 
A) Duct plane of symmetry boundary layer 
Boundary layer measurements were first carried out on the 
upper and lower walls along the plane of symmetry of each 
duct. Although the boundary layer development was not two- 
dimensional, owing to flow field convergence or divergence, 
negligible or zero crossflow at the plane of symmetry enabled 
conventional two-dimensional measurement techniques to be 
used; for the reason mentioned in Chapter 2, an offset design 
probe was used. 
Because of the difficulties involved in producing and 
calibrating an offset multi-tube probe, flow symmetry checks 
had to rely on surface flow visualization and crossflow data 
obtained at the duct outlet. 
A. 1 Measurement procedure 
At each traverse station, the probe was aligned with the 
line formed by the wall static taps located along the plane of 
symmetry; since total-pressure probes are insenitive to yaw, 
errors were less than 1% of the dynamic pressure, as long as 
the misalignments were less than 15°. Other pre-measurement 
procedures and the setting of the duct flow conditions were 
similar to that of the wall pressure measurement described 
previously. Boundary layer traversing was commenced once the 
flow in the duct reached a steady state. The point at which 
the probe left the wall was determined by the breaking of an 
electronic circuit. Mean-total pressure, the wall static 
26 
pressure and the probe position were recorde 
logger at each traverse station once a steady 
signal was observed via the digital voltmeter. 
was completed when no significant change in 
signal was observed. The above measurement 
repeated at a different inlet Mach number. 
A. 2 Reduction of data 
d by the data 
probe pressure 
The traversing 
probe pressure 
procedure was 
Macmillan's wall proximity correction [A13], Fig. 3-6 and 
the displacement correction of 0.15D (D=probe external 
diameter) [A2] to account for the total pressure gradient 
effects were applied to all near wall measurements (y<2D). No 
attempt was made to correct error due to the effects of 
turbulence because of the unreliable information in 
literature. However, for most boundary layer flows the 
turbulence intensity is less than 10%. Consider the 
following: 
u= ü(l+u'Z /-u ü(1+2u'ß/ü 
It can be seen that for a streamwise turbulence intensity of 
10%, uzu(1+0.005); hence the effect on the average differential 
pressure is negligible. 
Mean-velocity profiles were obtained from the mean-total 
pressure profiles by using the following relations: 
P /P = (1+2(y-1)M2) (3-1) 
0 
T /T = (l+Z(Y-1)M2) (3-2) 
0 
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u= M/(YRT) (3-3) 
The specific heat ratio y and the specific gas constant R 
of the air were taken to be 1.403 and 287.4J/kg K 
respectively. The total temperature T was the ambient 
0 
laboratory temperature at the time of the test and its 
variation across the boundary layer based on a recovery factor 
of 0.89 for turbulent boundary layer was estimated to be less 
than 1% throughout the test Mach number range. 
The boundary layer thickness a is defined as the distance 
from the surface at which u(=U 0.995U 
e max 
For boundary layer traversing carried out on flat 
surfaces, the static pressure p was assumed to be constant 
throughout the boundary layer and the local wall static 
pressure was used. In regions where longitudinal curvature was 
significant, p was corrected at each traverse station by 
assuming that pressure varied according to dp/dy=Put/(y±r), 
where r is the local surface radius of curvature, and the +& 
- represent convex and concave surfaces respectively. The 
correction was applied by numerical means described as 
follows: 
The normal pressure gradient was approximated by the 
backward difference formula, 
(p -p )/ay = (put) /(y±r) (3-4) 
i i-i i 
where dy=y 
i 
-y 
i -1 
; subscripts_. i& i-1 refer to the current and 
previous traverse stations respectively. Equation (3-4) was 
iterated with Equations (3-1) to (3-3) to obtain the correct 
p. The first uncorrected values of P (=p/RT) and u obtained 
i 
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via measurement were used at the start of the iteration. p 
i-1 
at the first traverse station was provided by the wall static 
pressure. Convergence was normally achieved within 10 
iterations for an error criterion of 0.01%. 
To estimate the local skin friction coefficient cf, the 
frictional velocity u (=(t /p)) was first obtained through 
TW1, d 
the best agreement between the near wall experimental data and 
the log law of the wall, 
u/u = 2.44Ln(y+) + 4.9 
T 
where y+ = yu /v 
TW 
(3-5) 
The kinematic viscosity at the wall v was determined by using 
w 
the Sutherland viscosity law, 
/u 
Tref + 110 TW 
1.5 
W ref TW + 110 
(Tref 
where u=v*P. The reference values were obtained from the 
International Standard Atmosphere Table [A9] and the wall 
temperature T was determined by using the Crocco's relation 
w 
for adiabatic flow using a recovery factor of 0.89, 
T=T (1+20.89(y-1)M2) 
wee 
where T is the teipperature at the edge of the boundary layer 
e 
which can be calculated using Equation (3-3) by putting 
r 
M=M. Finally, cf was calculated using: 
e 
cf = 2(T IT )/(U /u )2 
eweT 
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Before applying Simpson's numerical integration technique 
to determine the boundary layer integral parameters, Equation 
(3-5) was used with the u obtained to describe the velocity 
T 
profile between y/6=0.01 (approx. end of viscous sub-layer 
region) from the wall and the first traverse station. As the 
majority of the velocity profiles obtained possessed 
substantial law of the wall regions, this method was 
considered to be satisfactory in determining the integral 
parameters. The following streamwise integral parameters were 
calculated: 
a 
o=f2 (U -u) dy 11 0p U2 e 
ee 
S 
a =f (1- pu ) dy 10pU 
ee 
H= d/0 
1 11 
H= (d -d )/0 
11 11 
where p/p =[ (1+2(y-1)M2)/(1+I(y-1)M2) ]pip 
eee 
B) Three-dimensional boundary layer measurement 
Three-dimensional boundary layer measurements were 
carried out at the engine face compressor plane and at various 
locations on the side wall of each duct. Because of the 
uncertainty in determining the static pressure using the 
Conrad probe (see Fig. 3-4), static pressure measurement had 
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to rely on the wall static tap; since all the measurements 
were carried out on surfaces of zero or small streamwise 
curvature the variation in static pressure can-confidently be 
assumed to be negligible throughout the boundary layer. 
B. 1 Measurement procedure 
The measurement procedure was identical to that of the 
plane of symmetry measurement. Boundary layer traversing was 
commenced after aligning the centre tube of the probe with the 
wall static tap and the setting of the duct flow conditions. 
The traversing was completed when no significant changes in 
the probe pressure signals pl, p2 and p3 were observed. 
B. 2 Reduction of data 
The mean-total pressures and the flow directions 
throughout the boundary layer were determined from the 
correlations (Figs. 3-2 to 3-3) obtained during the probe 
calibration; Lagrange's three-point interpolation formula was 
used to interpolate values between the calibrated data points. 
Once the mean-total pressure profile was determined, the 
mean-resultant velocity (U) profile was obtained using 
Equations (3-1) to (3-3) as before. The skew angles (ß) across 
the boundary layer were obtained by resolving the flow 
directions with respect to the streamwise velocity vector at 
the edge of the boundary layer. The streamwise (u) and 
crosswise (v) velocity components were given by the 
trigonometric relations, 
u=U cos ß 
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v=U sinß 
The streamwise skin friction coefficient cf was first 
1 
determined by the method described in the last section, and 
the resultant skin friction cf is given by: 
cf = cf /cos$ 
10 
where ß is the limiting streamline angle relative to the 
- 0 
freestream streamline. 
In addition to the streamwise integral parameters, the 
following crosswise boundary layer integral thicknesses were 
also calculated: 
6 
0=f Pv (U -u) dy 02e 12P U 
ee 
a 
0=-f Puv dy 
2 21 OPU 
ee 
6 
0= -J PV 2 dy 2 22 0 PU 
ee 
a 
S -f Pv dy 
2 0 PU 
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CHAPTER 4 RESULTS AND DISCUSSION 
4.1 Introduction 
Results of measurements carried out on each duct are 
presented in this chapter. Data of Duct M are first shown and 
discussed, followed by Duct N and then Duct J. This seq uence 
corresponds to increasing severity of the upstream bend 
curvatures of the duct which were found to play crucial roles 
in setting duct flow quality. Measurements for each duct are 
further sub-divided into the following groups: 
1. Plane of symmetry data. 
2. Three-dimensional boundary layer data. 
3. Flow visualization and interpretation. 
Where possible the incompressible and the subsonic flow 
data are plotted together to provide ease of comparison such 
that compressible effects can easily be distinguished. 
4.2 Duct M results 
4.2.1 Plane of symmetry data 
The Duct M configuration is shown again in Fig. 4-1 for 
ease of reference against measurements. The duct possesses 
only one bend located near the duct outlet; the bend has a 
mean radius of curvature of 323.0mm and provides a mean flow 
turning angle of 26.8°. 
Figures 4-2 and 4-3tshow the static pressure coefficient 
Cp and the Mach number distributions along the upper and lower 
walls. The acceleration of the flow up to the duct throat is 
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due to the displacement effect of the boundary layer in the 
straight transition section. From the duct throat, (X=Omm), the 
straight diffusing section displays its diffusing effect. 
Surface pressures on the upper and lower walls remain 
identical until about X=40mm. Thereafter, the effect of the 
downstream bend is quite apparent. The pressure difference 
between the two walls is the highest at the mid-bend position 
(X=430mm), with high pressure on the upper wall (outside wall) 
and low pressure on the lower wall (inside wall) as a result 
of the radial pressure gradient due to the curvature. From the 
bend exit plane (X=500mm) there is a tendency for the flow to 
converge; however the flow is still far from uniform when the 
duct outlet is reached. The trends for low and high inlet Mach 
numbers are the same, except for an overall increase in Cp 
level at high inlet Mach number and a small reduction in 
pressure difference between the upper and lower walls in the 
bend region due to the increase in boundary layer thickness 
which is to be explained later. 
Figures 4-4 to 4-7 show the streamwise mean-velocity 
profiles and the corresponding logarithmic profiles developed 
along the upper and lower walls. From the duct throat, 
velocity profile development remains similar on the upper and 
lower walls due to the same order of pressure rise until at 
around X=300mm where the effects of the outside and the inside 
walls of the bend become significant. 
The outside wall (on the upper wall) produces a continued 
pressure rise. Consequently, there is a tendency towards 
boundary layer separation at about X=333.5mm, but this is soon 
overcome by the accelerating flow around the centre body 
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(starts at X=412mm), which also restricts further pressure 
rise. The favourable effect provided by the centre body can be 
seen from the recovering velocity profiles and the 
corresponding variations of the wake components, illustrated 
in the logarithmic plots. The profiles at X=443.5 and 478.5mm 
exhibited a dip below the wall law at the outer edge of the 
inner layer owing to the destabilising concave curvature 
effect; this effect increases the turbulent mixing hence 
reducing the velocity gradient locally [E2]. 
On the inside wall (on the lower wall), the flow over- 
expanded after encountering the high curvature convex surface. 
The diversion of the inner layer from the wall law from 
X=420.5mm to 478.5mm reflects this effect and exhibits also 
the slow response of the boundary layer to the suddenly 
imposed curvature (note that the curved surface starts at 
X=385mm and finishes at X=420.5mm). However, the fairly rapid 
recovery thereafter (see profile at X=555mm) could be 
attributed to the stabilizing convex curvature effect [El]. 
The boundary layer profile development appears to be 
similar at both the low and high inlet Mach numbers except 
that the destabilising effect on the concave surface seems 
only apparent at low Mach number. 
Figures 4-8 to 4-11 show the boundary layer integral 
parameters and the skin friction coefficient cf (=cf 
1 
distributions. Their development is in-line with the surface 
pressure variation described earlier and the same trends are 
displayed at low and high inlet Mach numbers. 
Steeper pressure rise at high inlet Mach number is the 
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main cause of the extra increase in displacement thickness 6 
1 
and momentum thickness 0. In general, compressibility at 
11 
subsonic speed has the effect of reducing the density ratio 
p/p as temperature increases towards the wall (assuming an 
e 
adiabatic wall), thus contributing further to the increase in 
6 but reducing 0. However, the effect of compressibility is 
1 11 
only marginal on the actual 6 and 0 distributions 
1 11 
considering the present moderate subsonic Mach number, but it 
is appreciated readily from the increase in the shape 
parameter H (=6 /0 )1 and the decrease in cf, which are 
11 
results of the decrease in density towards the wall and the 
thickening of the viscous sub-layer; the latter is apparent 
when comparing the logarithmic velocity profiles of the two 
different test speeds. Finally, as a result of the increase in 
boundary layer thickness at high inlet Mach number the 
pressure difference between the upper and lower walls is 
reduced. This is especially noticeable in the bend region 
where the boundary layer growth reached a maximum (see 
Fig. 4-2). 
In order to check the flow convergence and divergence on 
the plane of symmetry and the differences produced by the 
three ducts, it is useful to calculate the integral of the 
momentum equation in the plane of symmetry. The momentum 
balance principle of Fraser (1986) was adopted; using the 
boundary layer integral parameters and the cf values obtained, 
the procedure involves numerical integration, by Simpson's 
rule, of the boundary layer streamwise moment_um-equation for 
plane of symmetry conditions, 
36 
30 +0U (H+2-M2) - ; cf = -0 k 7-s 11 11 se1 11 s 
where U and k are defined by 
ss 
U=1 aU and k=1 ah 
sU as esh as 2s 
e 2s 
Here, h is the metric element in the n direction of the 
2s 
streamline coordinate system (s, n, C) (Fig. A-1). 
The results, normalized by 0 at the duct inlet, are 
11 
shown in Fig. 4-12. Duct M shows the expected trends in 
-f0 k as with different values of this parameter on the upper 
11 s 
and lower walls in the bend region, which correspond to the 
flow divergence (k >0) and convergence (k <0) respectively; 
ss 
these flow conditions are confirmed by the surface oil flow 
shown in Figs. 4-25 and 4-26. 
Figures 4-13 and 4-14 show circumferential Cp and Mach 
number distributions at X=412.5mm and 555mm which are at the 
entry to the bend and the duct outlet/engine face 
respectively. The distributions are not far from sinusoidal. 
The maximum pressure occurs on the outside wall (0°/360°) and 
the minimum pressure occurs on the inside wall (180°) of the 
bend as a direct result of the radial pressure gradient which 
is proportional to pU2/R. 
4.2.2 Three-dimensional data 
A) Duct side wall measurements 
Three-dimensional boundary layer measurements were 
carried out on the starboard-side wall at the mid-bend 
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position (see Fig. 4-1), X=425mm, where 
to be most significant. The results are 
of streamwise and crosswise velocity 
angle variations across the boundary 
velocity profiles are shown as Johnston 
A-2). 
crossflow is believed 
presented in the form 
profiles and the skew 
layer; the crosswise 
type polar plots (Fig. 
Results of the measurements are shown in Fig. 4-15. It 
can be seen that the effect of the pressure rise throughout 
the duct has resulted in less full and wake-like streamwise 
velocity profiles (high H values). 
The effect of the circumferential pressure gradient is 
obvious from the significant skew in the boundary layer. The 
skew angle shows a monotonic increase towards the wall, which 
indicates that the interference effect of the measuring probe 
is negligible; however the flow angle indicated by the first 
point from the wall is not reliable as the probe was in 
contact with the wall. 
Based on the bend turning angle a at the measurement 
location, the Hawthorne's linear inviscid theory (App. A) 
predicts the outer region of the triangular profile well. But 
the main shortcoming of the Hawthorne's formula is that it 
neglects viscous effects, which limits the velocity defect in 
the inner region of the boundary layer, and this is allowed 
for in Johnston's triangle model (App. A). However, both 
Hawthorne's prediction and Johnston's model do not appear to 
be entirely valid as the outer region of the crossflow is not 
a straight line: here the reduction of the crosswise velocity 
is greatest in the outermost region and the corresponding 
change in the vicinity of the apex lags behind. This is 
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believed to be associated with the high H and wake-like 
streamwise velocity profile. Although Mager adopted a 
parabolic type of crossflow representation (App. A), it does 
not fit the outer region of this type of profile well. 
The size of the measuring probe prohibited further 
measurements inside the inner region of the boundary layer. It 
is however practice to assume flow in this region to be 
collateral, represented, in the polar plot, by a mean straight 
line between the origin and the points in the vicinity of the 
apex; the angle of inclination of the line to the abscissa 
indicates the limiting streamline angle B. On examining the 
0 
trend of the skew angle variation in the near wall region for 
the present case the assumption appears to be valid as it is 
rather unlikely that there is significant change from constant 
in skew angle within a small distance from the wall; although 
there is still a possibility that variation within the viscous 
sub-layer can be non-collateral, B indicated by the mean 
0 
straight line is of important relevance in any correlation for 
the outer region as pointed out by Prahlad (1973). 
Fig. 4-15-c2 also shows that the thickening of the viscous 
sub-layer at high Mach number has increased considerably the 
range or y+ (=u y/v ) value of the collateral region. 
Tw 
g) Engine face plane measurements 
Because of the flow symmetry condition, measurements were 
only carried out in the starboard-side half of the engine face 
plane. 
Results of the boundary layer survey are shown in Figs. 
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4-16 and 4-17. Flow symmetry is implied by plots 1 and 5 
which correspond to the upper wall (00) and the lower wall 
(180°) respectively (see Fig. 4-1). 
The streamwise velocity profiles and the corresponding 
logarithmic profiles are similar to the conventional two- 
dimensional profile, and close agreement with the law of the 
wall is due to the small streamwise pressure gradient; this 
enables the streamwise skin friction component cf to be 
1 
obtained by the method described in Chapter 3. 
The crossflow profiles match both Johnston's and Mager's 
models quite well because of overall reduction in 
circumferential pressure gradient after the bend. The regions 
in which the crossflow velocity ratio, v/U reaches its 
e 
largest values tend to correspond with the regions of highest 
circumferential pressure gradient (see Fig. 4-13). The trends 
at both inlet Mach numbers are the same, except that the 
increase in boundary layer thickness at high inlet Mach number 
has resulted in increased curvature in the outer part of the 
triangular profiles. 
Figures 4-18 to 4-21 show the circumferential 
distributions of the streamwise, and crosswise integral 
thickness parameters, the streamwise shape parameter H and the 
resultant skin friction coefficient cf. Due to the near 
perfect symmetry of the flow, data from 1800 to 360° (port- 
side) are duplications of the starboard-side data such that 
the overall engine face flow condition could easily be 
assessed. 
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The distributions of the streamwise integral parameters, 
6,0 and H displayed the streamwise development of the 
1 11 
boundary layer at the engine face plane and also reveal the 
extreme conditions on the upper (0°) and the low (180°) walls. 
The cf distributions show consistent trends with the 
streamwise integral parameters. 
The crosswise integral thicknesses show sinusoidal 
distributions with nominal zero thickness at stations 
corresponding to the duct plane of symmetry (00 & 180°), and 
the maxima at the highlight of the side walls (i. e. at 
stations 90° and 270°) which coincide with the maximum 
crossflow locations. 
The trends at both inlet Mach numbers are the same, 
except for the usual increase in magnitude of the integral 
parameters and decrease in skin friction coefficient at high 
inlet Mach number. 
The circumferential distributions of the boundary layer 
edge flow direction (relative to lines parallel to the duct 
outlet axis or engine axis) and the limiting streamline angles 
are shown in Figs. 4-22 and 4-23. The distributions show 
trends consistent with the crossflow and the crosswise 
integral parameter distributions. Unlike the other parameters, 
the flow angles remain identical at both speeds. 
Figure 4-24 shows the total pressure ratio contours and 
the projections of the velocity vectors in the engine face 
plane. The total pressure contours remain undistorted despite 
the presence of the secondary flow. However, there is a 
significant increase in total pressure loss and the growth of 
the viscous region at high inlet Mach number. The direction of 
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the secondary flow can be observed from the distribution of 
the projected crossflow vectors. 
4.2.3 Flow visualization 
The experimental results confirmed that the freestream 
turning angle, the limiting streamline angle and the boundary 
layer development remain similar for the low and higher flow 
speeds. Flow visualization was then carried out at an inlet 
Mach number of approximately 0.4 which was considered to be 
adequate to reveal the surface flow phenomena applicable to 
both flow speeds; this is also a compromise between the 
choices of test speed and the oil/dye mixture being used in 
order that a clear surface oil flow pattern could be obtained. 
Figures 4-25 and 4-26 show photographs of the surface oil 
flow pattern taken from the engine face plane. The pattern 
demonstrates clear consistency with the results described 
earlier. It can be seen that surface flow divergence on the 
upper wall and convergence on the lower wall occurred some 
distance (at approx. X=200mm) downstream of the throat. The 
oil flow pattern on the upper wall also shows that the near 
separating boundary layer profile on the upper wall from about 
X=333.5mm (see also Figs. 4-4 & 4-6) did not have enough shear 
to drive the oil/dye mixture on the surface hence resulting in 
an largely undisturbed region until the re-energization of the 
boundary layer produced by the pressure field of the centre 
body. The surface oil pattern from the bend region to the duct 
outlet clearly reveals significant features of the secondary 
flow. 
42 
4.3 Duct N results 
4.3.1 Plane of symmetry data 
The Duct N configuration is shown in Fig. 4-27. The duct 
possesses a bend located immediately downstream of the throat. 
The bend has a mean radius of curvature of 240.0mm and 
provides a mean flow turning angle of 15.6°. The second bend 
geometry remains identical to that of Duct M. 
Figures 4-28 and 4-29 show the static pressure 
coefficient Cp and the Mach number distributions measured 
along the upper and the lower walls. The effect of the first 
bend on re-directing the inlet flow can be seen from the 
marked difference in pressures between the upper and lower 
walls; this effect influences the flow further upstream, well 
into the transition duct. Soon after the first bend the 
pressure rises rapidly on both walls owing to the diffusing 
effect of the straight diffuser section. The pressure gradient 
reversal effect of the second bend imposes a cross-over point 
at about X=125mm. The presence of the upstream bend 
effectively neutralizes the upstream effect of the second bend 
as described in the discussion of the Duct M results. 
Consequently, the pressure levels on both walls remain very 
close along the straight diffusing section, but the pressure 
difference between the two walls at the second bend still 
remains quite considerable and there is no sign of convergence 
at the duct outlet. The trend is similar at both inlet Mach 
'numbers, except that at high inlet Mach number there is a 
sharper pressure rise after the first bend, especially on the 
upper wall. 
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Figures 4-30 to 4-33 show the streamwise mean-velocity 
profiles and the corresponding logarithmic profiles developing 
along the upper and lower walls. 
The velocity profiles on the upper wall have an initially 
favourable development owing to the favourable pressure 
gradient created by the inside wall of the first bend. The 
velocity profiles in this region exhibit a fuller shape and 
the favourable effect is easily noticeable from the 
corresponding logarithmic profiles. Immediately after the 
first bend, the abrupt change in pressure gradient sign causes 
the boundary layer to grow rapidly and the velocity profiles 
deteriorate to a separating profile at-about X=188.5mm: at low 
inlet Mach number, an incipient separation shape is almost 
maintained throughout the region between X=188.5mm and 
x=420.5mm. However, at high inlet Mach number, because of the 
steeper pressure rise after the first bend, the boundary layer 
eventually separates and reverse flow profiles are formed 
between X=188.5mm and X=420.5mm. The boundary layer reattaches 
at about X=449.5mm under the influence of the centre body; the 
favourable effect provided by the centre body can be seen from 
the logarithmic profiles in this region. 
The boundary layer remains fully attached along the lower 
wall because of the moderate pressure rise. On approaching the 
second bend, it can be seen thatthe flow accelerates on the 
inside wall of the second bend and is followed by an 
expansion, which is soon suppressed, by the blockage effect of 
the centre body. 
At the second bend, arguments. about the effects of the 
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concave and convex surfaces on the boundary layer applied to 
Duct M are equally valid in the present case. However, there 
is a much more severe circumferential migration of boundary 
layer fluid as a result of the separation which is to be 
discussed later. 
Figures 4-34 to 4-37 show the boundary layer integral 
parameters and the skin friction coefficient distributions. 
The integral parameter development on the upper wall fully 
revealed the separation condition in the region between 
X=188.5mm and X=420.5mm; integration over the separation 
profile results in a raised value of the displacement 
thickness parameter 6 and a lowered value of the momentum 
1 
thickness 0; this is especially so at high inlet Mach number 
11 
where reverse flow profiles are presented. The corresponding 
drastic change in the shape parameter H in the separation 
region can be seen in Fig. 4-36. 
Similar pressure gradients on the lower wall in both test 
cases produced similar 6 and 0 distributions, 
1 11 
compressibility having only a marginal effect on these 
thickness parameters, but a more distinct effect on the H and 
cf distributions. 
The boundary integral parameters and cf as measured along 
the plane of symmetry are used in a momentum balance check, as 
in the Duct M test case. The results are shown in Fig. 4-38. 
Compared with Duct M (Fig. 4-12), Duct N shows a different 
behaviour owing to the effect of the upstream bend. 
On the upper wall, the effect of the first bend can be 
seen to have caused the flow to converge initially. However, 
severe flow divergence occurs subsequently as the second bend 
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effect begins to dominate; results for the high inlet Mach 
number beyond X=188.5mm should however be interpreted with 
caution as the validity of the momentum balance is 
questionable since reverse flow is present. Nevertheless, the 
results still show trends similar to those of the low speed 
test case. 
Flow development on the lower wall can be seen to have 
virtually zero convergence or divergence and hence appears to 
be two-dimensional; this is consistent with the surface oil 
flow of Fig. 4-52, which shows that flow on the lower wall in 
the vicinity of the plane of symmetry looks very much like a 
two-dimensional flow. This flow condition could be explained 
by the thin boundary layer along the wall and the drastic 
development of a on the upper wall which has significantly 
1 
altered the effective flow geometry of the duct. 
Figures 4-39 and 4-40 show the circumferential Cp and 
Mach number distributions in the cross-sectional planes at 
X=412.5mm and X=555 which are at entry to the second bend and 
the engine face respectively. At X=412.5mm, the pressure 
distribution between the circumferential stations 00-600 and 
3000-3600 shows a 'flat' region (i. e. constant pressure), 
which indicates likely regions of vanishing skin friction and 
the circumferential extent of the separation region at this 
cross-sectional plane. Pressure distributions at X=555mm 
indicates that flow reattachment has taken place, allowing the 
boundary layer to develop in a region of significant 
circumferential pressure gradient. 
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4.3.2 Three-dimensional data 
A) Duct side wall measurements 
Three-dimensional boundary layer surveys were carried out 
on the starboard side wall of the duct at three streamwise 
locations: X=50.0,130.0 and 425.0mm (see Fig. 4-27), which 
are at the middle and downstream of the first bend and the 
middle of the second bend respectively. At the first two 
measurement positions, the measuring probe was set parallel to 
the duct centre line in the straight diffusing section after 
the first bend. At the third position, the probe was set 
parallel to the duct outlet section centre line. 
Results of the measurements are shown in Fig. 4-41. 
Streamwise velocity and the skew angle variations across the 
boundary layer are presented. The crossflow variation is shown 
in the form of a polar plot. 
The polar plot at the first position is similar to the 
normal triangular shape; it also indicates that the freestream 
turning angle followed closely the bend turning angle as shown 
by Hawthorne's prediction. Although there exists a large 
pressure difference between the inside and outside wall of the 
bend, it does not give rise to significant crossflow because 
of the thin boundary layer and the small mean curvature of the 
bend. 
Measurements at the second position show that the 
crossflow dies away fairly rapidly soon after the first bend 
as the circumferential pressure gradient changes direction, 
but the crossflow at high inlet Mach number appears to have 
persisted longer. 
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At the third position, it can be seen from the streamwise 
velocity profile that the boundary layer is approaching a 
separation profile. The circumferential pressure gradient 
affects the inner part of the boundary layer most because of 
the low momentum fluid in the inner region; this can also be 
seen from the magnitudes of the crossflow and the limiting 
streamline angle. Consequently, the outer region of polar plot 
becomes highly curved. Crossflow models of Johnston and Mager 
do not fit this profile. 
it can be seen from the side wall measurements that as a 
result of the incipient flow separation at low speed, and the 
flow separation and reattachment at high speed on the upper 
wall, the effective duct flow geometry has been significantly 
altered; hence the freestream turning path at the second bend 
no longer follows the bend curvature (cf. Fig. 4-15 of the 
Duct M results). 
B) Engine face plane measurements 
Results of the boundary layer survey carried out at the 
engine face plane are shown in Figs. 4-42 and 4-43. The 
circumferential variations of the crossflow are shown in the 
form of polar plots. The corresponding skew angle variations, 
streamwise and logarithmic velocity profiles are also 
presented. 
Despite the flow separation upstream, flow symmetry about 
the duct plane of symmetry is still maintained. This can be 
seen in the measurements at stations 1 and 5. 
Stations 1 and 2 are located downstream of the separation 
48 
region, hence measurements show re-developing type profiles. 
The polar plot at station 2 shows a re-developing type 
crossflow profile, which is similar to the type found behind a 
separation bubble on a swept wing (D9]. 
Measurements at station 3 show the further downstream 
development of the side wall profile at X=425mm described 
earlier (Fig. 4-41). It can be seen from the polar plot that 
the curved outer region of the near separation profile is 
still retained. 
The station 4 location is remote from the separation 
region, and owing to the reduction in circumferential pressure 
gradient on the lower wall, the polar plot of the crossflow 
resumes a normal triangular shape. 
The overall trend at both inlet test speeds is the same, 
but the differences highlight the increase in the effect of 
the separation at higher speeds. 
Figures 4-44 to 4-47 show the circumferential 
distributions of the streamwise, and crosswise integral 
thickness parameters, the streamwise shape factor and the 
resultant skin friction coefficient. 
The streamwise integral parameters show different trends 
when compared with those of Duct M. Both d and 0 
1 11 
distributions show a peak on either side of the upper wall, 
and decrease fairly rapidly to a minimum towards the lower 
wall. The type of distribution suggests that concentrated 
vortices may have formed within the boundary layer as a result 
of adverse streamwise and cross-wise pressure gradients; these 
vortices may then cause the eruption of the boundary layer 
fluid in the vicinity of the upper wall. 
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The crosswise integral parameters increase significantly 
owing to the severe crossflow generated as a result of the 
flow separation and reattachment occurring upstream. The major 
increase can also be seen to occur in the vicinity of the 
upper wall. It can be observed that the integral thickness 
distributions are consistent with the crossflow distribution 
at the engine face shown in Fig. 4-50. 
The circumferential distributions of boundary layer edge 
flow direction and the limiting stream line angle are shown in 
Figs. 4-48 and 4-49. The severity of the crossflow is again 
demonstrated by the large limiting streamline angles shown. 
The crossflow distributions and the total pressure 
contours at the compressor plane are shown in Fig. 4-50. The 
distortion of the total pressure contours and the increase in 
the viscous region in the upper half of the plane are the 
results of the upstream flow separation and possible vortex 
formation. The conditions at both inlet Mach numbers remain 
similar, but there is a considerable reduction in total 
pressure'recovery at high inlet Mach number. 
4.3.3 Flow visualization 
Flow visualization was carried out at an inlet Mach 
number of 0.4 as it was anticipated that the incipient nature 
of the separation on the upper wall at low speed would not 
produce a distinct oil flow pattern sufficient to illustrate 
the, surface flow phenomenon. Figs. 4-51 to 4-52 show 
photographs of the surface oil flow pattern taken from the 
engine face plane. Fig. 4-51 shows the complexity of the 
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separation on the upper wall occurred downstream of the first 
bend. 
After detailed examination of the surface oil flow 
pattern, most of the critical points can be identified; a 
critical point is the point where the wall shear stress 
trajectories do not follow uniquely defined directions and 
where the wall shear stress is zero (App. B). In joining these 
points together and applying the corresponding characteristic 
directions associated with each critical point, the separation 
lines and the attachment lines then become identifiable. 
Finally the surface topological map of the separation is 
constructed and depicted on the transparency overlapping Figs. 
4-51 to 4-52. 
Owing to the weak nature of the surface flow at the 
beginning of the separation, a clear surface oil flow pattern 
cannot be obtained; therefore a definite surface shear stress 
topology in the early part of the flow separation cannot be 
confirmed. The separation appears to begin on each side of the 
duct plane of symmetry line with an open (Wang 1972) or local 
(Tobak & Peake 1985) separation line (OS); that is, the line 
does not originate from a critical point. Instead only gradual 
convergence of wall shear stress trajectories indicates that 
the flow leaves the vicinity of the wall; later findings of 
Duct J suggested that flow separation in Duct N could merely 
be a weaker version of the vortex type separation (see Duct J 
results). 
The following discussion refers to the downstream region 
of the separation: the separation line (OS) can be seen to 
have terminated at the saddle point S downstream, where it 
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also meets the attachment line A on the edge of the side wall. 
A reattachment nodal point, N is clearly visible on the plane 
of symmetry line in the second bend region; the location of 
this point is in fact directly opposite to the nose of the 
centre body, which was removed when the photograph was taken. 
The connection between the nodal point N and saddle point S 
can be seen to have formed another attachment line. There is 
uncertainty regarding the upstream connection of the nodal 
point N owing to the problem with the surface oil flow in the 
area. However, it can be inferred from the measurements along 
the plane of symmetry and the general topological features of 
the surrounding oil flow pattern that a separation type saddle 
point is likely to be present. Finally, it can be said that 
the line A-S-N-S-A forms a boundary between the separation 
region on the upper wall and the well developed flow on the 
rest of the duct wall. 
Three-dimensional flow separation often is a 
characteristic feature accompanying vortex development. In the 
present case, flow leaves the surface on either side of the 
separation line OS and forms a dividing stream-surface, which 
normally rolls-up to form a vortex system. Since the surface 
oil flow pattern cannot uniquely define the separated vortex 
field (Dallmann 1985), it is possible that the vortex system 
could either terminate at or continue beyond the saddle point 
S. In either case, streamwise swirling motions are induced, 
which can be explained by the Biot-Savart law of induced 
velocity, hence supporting the particular distributions of 
boundary layer integral parameters at the engine face. 
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Although flow reattachment has taken place the severity 
of the crossflow at the second bend and the duct outlet is 
apparent from surface flow directions as indicated by the 
surface oil flow pattern. 
Figure 4-52 also shows the surface oil flow pattern on 
the lower wall of the duct. It can be seen that there is 
negligible crossflow on most of the lower wall, hence 
confirming the earlier discussion on the results of the 
momentum balance on the lower wall. 
4.4 Duct i results 
4.4.1 Plane of symmetry data 
The Duct J configuration is shown in Fig. 4-53. The duct 
geometry is similar to that of Duct N, but with a much tighter 
first bend: the bend has a mean radius of curvature of 191.0mm 
and provides a mean flow turning angle of 22.7° to the inlet 
flow. The second bend geometry remains identical to that of 
Ducts M and N. 
Figures 4-54 and 4-55 show the static pressure 
coefficient Cp and the Mach number distributions along the 
upper and the lower walls on the plane of symmetry. The 
distributions can be observed to be a further development of 
those of Duct N as the first bend curvature increases. The 
pressure difference between the upper and lower walls at the 
bend increased by an average of 37%. The upstream and 
downstream influence of the first bend intensified with the 
-downstream effect extended further downstream. Hence, much of 
the upstream influence of the second bend is neutralized until 
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about X=260mm, but there is a considerable increase in 
pressure difference between the upper and lower walls at the 
second bend. 
The trend for low and high inlet Mach numbers is again 
the same, but the Cp levels at the two test speeds appear to 
be much closer than the previous two ducts tested. Similar to 
Duct N, there is a steeper pressure rise on the upper wall 
after the first bend at high inlet Mach number. 
Figures 4-56 to 4-59 show the streamwise mean-velocity 
profiles and the corresponding logarithmic prdfiles developed 
along the upper and lower walls on the plane of symmetry. 
The velocity profiles on the upper wall have an initially 
favourable development between entry and the first bend due to 
the accelerating flow on the early part of the inside wall of 
the bend. After the bend, the profiles have developed into a 
separating profile at the end of the steep pressure rise at 
x=130.5mm. Thereafter, severe flow separation occurs, which 
prevents measurements being carried out until X=449.5mm, where 
flow reattachment is found to have occurred under the 
influence of the centre body. The logarithmic velocity 
profiles at the second bend show a significant destabilising 
concave curvature effect, which may also be connected with the 
development of the flow through separation and reattachment. 
Further downstream of the reattachment, the favourable effect 
of the centre body has resulted in re-developing profiles with 
severe overshoot in 'the near wall region (see profile at 
X=555mm), especially at high Mach number; almost certainly, 
the boundary layer will have departed severely from 
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equilibrium. The shear stress profile -pu'v'(y) cannot 
therefore be assumed to be directly related to the mean- 
velocity profile u(y). Unlike the Duct N test case, the 
separating condition at both test speeds remains similar. 
The boundary layer remains fully attached along the lower 
wall. The velocity profile development resembles closely those 
of Duct N, except that the pressure gradient change at the 
first bend is reflected more clearly in the logarithmic 
profiles as a result of increases in bend curvature and the 
flow appears to be over expanded at the second bend, which can 
be seen from the increase in departure of the inner region of 
the boundary layer from the wall law. 
Figures 4-60 to 4-63 show the boundary . 
layer integral, 
parameters and the skin friction coefficient distributions. 
On the upper wall, no integral parameters were obtained 
in the separation region. Although the separating conditions 
are similar at both the low and high inlet Mach numbers, the 
integral parameter distributions reveal that the separation 
increases in severity at high speed, and there appears to be a 
delay in reattachment. These features could also'be observed 
in the velocity profiles shown. 
On the lower wall, distributions of 6 and 0 show that 
1 11 
the boundary layer growth is further suppressed by the 
increase in extent of the separation on the upper wall when 
compared with the Duct N results. The shape factor 
distribution shows that velocity profiles maintain a constant 
shape throughout the straight diffusing section. The cf 
distribution also shows a consistent trend with the wall 
pressure distribution and velocity profile development. The 
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compressibility effect could again be appreciated by noting 
the different levels in H and cf distributions at different 
inlet Mach numbers. 
Due to the lack of data on the upper wall, a momentum 
balance check is carried out only on the lower wall and the 
results are shown in Fig. 4-64; this indicates that flow 
convergence or divergence is negligible on the lower wall, 
which is similar to Duct N with virtually two-dimensional 
flow. The surface oil flow of Fig. 4-78 confirms this finding. 
Figures 4-65 and 4-66 show the circumferential Cp and 
Mach number distributions in the cross-sectional planes at 
X=412.5mm and X=555mm, which are. at entry to the second bend 
and the engine face respectively. The distributions are 
similar to those of Duct N, except that there is an overall 
reduction in Cp level, and an increase in pressure difference 
between the upper wall (0/3600) and the lower wall (180°) at 
x=412.5mm; the constant pressure region on the upper wall 
indicates the circumferential extent of the separation at this 
station. 
4.4.2 Three-dimensional data 
A) Side wall measurements 
Three-dimensional boundary layer surveys were carried out 
on the starboard wall of the duct at three streamwise 
locations: X=50,130 and 425mm, which are at the middle and 
downstream of the first bend and the middle of the second bend 
respectively (see Fig. 4-53). At the first two measurement 
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positions, the measuring probe was set parallel to the duct 
centre line in the straight diffusing section after the first 
bend. At the third position, the probe was set parallel to the 
duct outlet section centre line. Results of the measurements 
carried out at these positions are shown in Figs. 4-67 
Compared with the Duct N results, the increase in the 
first bend curvature has resulted in a significant increase in 
the freestream turning angle. Measurements downstream of the 
first bend show that the crossflow has reduced considerably, 
but a significant amount still persists, especially at high 
inlet Mach number. 
The boundary layer at the mid-second bend position 
behaves quite differently from the Duct N flow. It can be seen 
from the streamwise velocity profile that although the 
measurement position is immediately outside of the separation 
region there is no sign of the boundary layer approaching 
separation as found in the Duct N results, and the 
corresponding polar plot of the crossflow, although having a 
peculiar curved outer region especially at high Mach number, 
shows a nominally triangular shape. This could be understood 
by noting the following: Firstly, there is an overall 
reduction in pressure rise after the first bend. Therefore, 
flow outside the separation region still remains to be 
diffused; this can be observed from the fuller shape of the 
streamwise velocity profile. Secondly, an increase in 
domination of the first bend occurs as the bend curvature 
increases, which has the effect of maintaining the crossflow 
generated at the bend much further downstream; this is evident 
from the crossflow measurement results described above. 
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Hawthorne's formula predicts the freestream turning at 
both bends well, but Mager's model does not fit the crossflow 
profile at the second bend owing to the large limiting 
streamline angle and the peculiar skew angle variation. 
B) Engine face plane measurements 
It was realized in this test case that flow symmetry 
about the duct plane of symmetry is no longer preserved, 
therefore, a complete circumferential boundary layer survey 
was carried out at the engine face. The results are shown in 
Figs. 4-68 and 4-69. 
Measurements at stations 1,2 and 8 show re-developing 
type profiles downstream of the separation region. The polar 
plots of the crossflow at stations 2 and 8 show re-developing 
profiles with highly curved outer regions, indicating that the 
effect of the circumferential pressure gradient on re- 
developing boundary layer is most severe; it is believed that 
there is a severe displacement between the surface shear- 
stress vector direction tan-l(w'v'/u1 w') and the mean-velocity 
gradient direction tan-1(3v/au) owing to the non-equilibrium 
flow after reattachment [Dlll. However, the profiles at 
stations 3 and 7, which are immediately outside the separation 
region, do not appear to be affected by the flow separation 
and reattachment or the non-equilibrium flow; these results 
are also consistent' with the, reasoning put forward earlier in 
the side wall measurements discussion. From stations 3 to 5 
and 7 to 5 the crossflow magnitudes show a corresponding 
decrease as the circumferential pressure gradient decreases 
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towards the lower wall (180°). The trend is similar for both 
inlet Mach numbers tested, but flow asymmetry is intensified 
at high inlet Mach number. 
Figures 4-70 to 4-73 show the circumferential 
distributions of the streamwise, and crosswise integral 
thickness parameters, the streamwise shape factor and the 
resultant skin friction coefficient. 
The distributions can also be seen to be affected by the 
flow asymmetry, and the asymmetry effect is especially 
noticeable from the crosswise thickness parameter 
distributions. However, the overall trends could still be 
observed to be similar to those of Duct N: compared with the 
Duct N results (Figs. 4-44 to 4-47), the maxima and minima on 
the streamwise and crosswise thickness parameters 
distributions appear to be more distinctive with increases in 
amplitudes; these suggest the possible increase in intensity 
of the concentrated vortices that might have formed within the 
boundary layer. The streamwise shape factor and the resultant 
skin friction coefficient distributions, however, show much 
smoother variations. 
The circumferential distributions of boundary edge flow 
direction and the limiting streamline angle are shown in Figs. 
4-74 and 4-75. It can be observed'that flow asymmetry occurs 
mainly within the boundary layer. Unlike the Duct M and N test 
cases, the peak limiting streamline angles are mainly confined 
to regions downstream of separation. 
The crossflow distributions and the total pressure 
contours at the compressor plane are shown in Fig. 4-76. Flow 
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in most part of the upper half plane becomes fully viscous as 
the boundary layer grows to an extent that it merges with the 
centre body boundary layer. The distortion of the total 
pressure contours in the upper half of the plane is now worse. 
The flow asymmetry becomes more pronounced at high inlet Mach 
number. It can be seen that the aerodynamic plane. of symmetry 
no longer coincides with the geometric plane of symmetry. 
However, the basic flow features remain largely unaltered. 
4.4.3 Flow visualization 
Flow visualization was carried out at an inlet Mach 
number of 0.4. As a result of the severe flow separation in 
the duct, a clear surface oil flow pattern was obtained, which 
revealed in detail the separation phenomenon on the upper wall 
of the duct. 
Figures 4-77 to 4-78 show photographs of the surface oil 
flow pattern. It can be seen that the separation occurs 
immediately after the first bend following abrupt 
pressure gradient reversal (see Fig. 4-54) and that the 
separation begins on each side of the duct symmetry plane line 
with a three-dimensional vortex type flow separation with 
spiral focus critical point ensembles (App. B), that is 
critical point with vortical flow springing from the surface; 
four such points can be identified in the region. However, the 
rest of the separation feature remains largely similar to that 
of Duct N. 
In the present test case the separation pattern exhibits 
slight asymmetry about the duct plane of symmetry, which is 
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likely to be caused by fluctuations as well as imperfections 
in the inlet flow and boundary conditions. However, the 
overall separation phenomenon can be said to be nominally 
symmetrical about the plane of symmetry. It is also noted that 
general flow asymmetry about the plane of symmetry is related 
directly to slight flow separation asymmetry. 
Topological analysis was carriec out on the oil flow 
pattern in the separation region; three further critical 
points, saddle points S, are established in the vicinity of 
the foci (F) to complete a structurally stable surface 
separated flow. The resulting map of the surface topological 
structure of the separation is shown in Fig. 4-77. 
Based on Fig. 4-77, various possible spatial separation 
flow structures can be conjectured. Fig. 4-79 show two of such 
possibilities. The conjectured separation'flowfield includes 
the concatenation of the vortex systems generated as a result 
of the three-dimensional flow separation; here the plane of 
symmetry pattern is inferred from experimental observations 
and Hunt's topological rule (Hunt et al 1978) illustrated in 
Fig. 4-80, where the resulting pattern can be identified as 
the plane of symmetry pattern of a U-shaped vortex system 
(Peake & Tobak 1982) with the spatial critical point N 
introduced being the core of the vortex. 
Figs. 4-79a and 4-79b show, respectively, that the 
concatenated vortex system could either terminate at or 
continue beyond the downstream saddle point 'S. For the 
latter, the vortex filaments will be stretched and intensified 
owing to the blockage effect of the centre body (Helmhotz 
theorem). In either case, streamwise swirling motions are 
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introduced (Biot-Savart law), which are evident from the 
distributions of the boundary layer integral parameters at the 
engine face. 
Although the type of separation encountered is severe and 
complex, it can be deduced from the topological map of the 
surface flow that, since there is no saddle to saddle critical 
points connection, the separated flow field are structurally 
stable (Peake & Tobak 1982, Dallmann 1983); that is, changes 
in parameters such as Mach number and Reynolds number and 
further increase in upstream bend curvature or duct offset 
would result in the same topological surface separation flow 
structure. It is believed that such structural stability is 
maintained by the bounding duct wall, and especially the 
centre body. 
4.5 Concluding remarks 
Tests were performed at inlet Mach numbers of nominally 
0.15 and 0.6 for three different S-shaped intakes ducts; 
namely, ducts J, M and N each having different upstream bends 
but common downstream bend geometries. 
In addition to the surface pressures and Mach number 
distributions, boundary layer data are presented in the form 
of mean-velocity profiles - streamwise and crosswise - and 
integral parameters. 
The majority of the streamwise velocity pröfiles possess 
substantial linear regions on semi-logarithmic plots which are 
in good agreement with the law of the wall, thus enabling skin 
friction coefficients to be calculated. 
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The linear inviscid theory of Hawthorne predicted some of the 
freestream turning in the bend region well. Crossflow models 
of Johnston and Mager seem only to be suitable for boundary 
layers in region away from separation and re-developing layer 
regions. 
Effects of compressibility can be seen to have increased the 
rate of pressure rise and the thickness of the boundary layer, 
hence increasing the rate of deterioration of the diffusing 
duct flow. 
Detailed evidence is presented indicating a firm trend 
towards three-dimensional vortex type flow separation as the 
upstream bend increased in severity. Although the centre body 
which represents the engine compressor face centre bullet 
forced the separated flow to reattach prior to the engine 
face, the flow at the engine face is however far from uniform. 
Table 4-1 shows the commonly used engine face performance 
coefficients, for the assessment of intake duct flow quality, 
calculated for each duct at the typical operating inlet Mach 
number of nominally 0.6. Effect of flow separation can seen to 
have significantly increased the distortion coefficients of 
Duct N and J, thus the engine surge margin will be reduced 
accordingly; the DC60 value of Duct J is approaching the 
maximum acceptable value for most large pitch blade row 
compressor designed for noise reduction [B3). The associated 
reduction in total pressure recovery coefficient will directly 
affect the engine thrust, which is related to the coefficient 
on a greater than 1: 1 basis. Although Duct M appears to be 
most efficient, it could only be used for submerged type 
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intake owing to its configuration thus losing the benefit, 
possibly, of pre-diffusion. 
DUCT Min , n(%) SC60(%) DC60(%) 
M 0.635 97.0 2.2 6.34 
N 0.610 96.7 2.9 9.60 
0.600 95.7 6.2 21.5 
Table 4-1 Engine face performance coefficients 
Min inlet Mach number 
total pressure recovery coefficient = Pf/Poin 
SC60 swirl coefficient = v6omax/Uin 
DC60 distortion coefficient = (Pf - P60min)/Qf 
where 
Pf area average total pressure at the engine face 
P6Omin minimum average total pressure in a 60° sector 
of the annular section at the engine face 
poin inlet total pressure 
v60max maximum average circumferential velocity in a 
60° sector of the annular section at the 
engine face 
Uin mean inlet velocity 
Qf mean dynamic head at the engine face 
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CHAPTER 5 NUMERICAL COMPUTATIONS 
5.1 Introduction 
In order to design efficient jet engine intakes it is an 
advantages to predict flows numerically in order to reduce 
development cost and time. Measurements are often carried out 
with scale models which may lead to boundary layer Reynolds 
numbers considerably smaller than that of full scale flow. 
Construction of full scale models and use of the large test 
facilities required can be prohibitively expensive. Recent 
high performance jet aircraft and/or jet engine propelled 
missiles have ducts with rather complicated three-dimensional 
shapes. It is therefore necessary to develop a three- 
dimensional flow calculation program, because flow three- 
dimensionality plays a crucial role in setting duct 
performance. Flow compressibility must also be built into the 
prediction program in order to calculate flows at high 
subsonic and supersonic speeds. 
As yet the full Navier-Stokes equations cannot be solved 
with any confidence owing to deficiencies in numerical 
techniques and computer power, but fortunately many aspects of 
internal flows can be well predicted using approximate 
schemes, provided they retain the essential physics of the 
problem and are sufficiently economical in terms of 
computational effort. 
There are a number of inviscid methods for solving three- 
dimensional duct flow problems. The most notable ones are 
those of Hawthorne's secondary flow analysis (1967), Stuart & 
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Hetherington's rotational Euler solving scheme (1970) arm 
Named & Abdullah's streamlike function approach (1978). 
However, these methods can only serve to provide an insight 
into the real flow problem rather then act as design tools 
owing to the underlying inviscid assumptions. 
Earlier methods, mainly incompressible, which included 
the formulations of viscous effects for solving three- 
dimensional duct flow problems are typified by the parabolic 
schemes of Patankar & Spalding (1972), Briley (1974) and 
Robert & Forester (1978). Their schemes usually provided a 
forward marching solution in the main flow direction by 
assuming that the viscous diffusion with respect to the main 
flow direction, that is second derivatives, were negligible. 
As these methods neglect some features of elliptic effects 
they often lead to unreliable results in predicting flow in 
geometries other than those which are long in the streamwise 
sense as compared to the transverse size. 
Levy et al (1980-83) later presented a method (PEPISG) to 
compute three-dimensional subsonic duct flow. The method is 
based on Briley's original parabolic procedure with the 
introduction of elliptic effects through a known three- 
dimensional pressure field obtained from an incompressible 
potential flow analysis; subsequent one-dimensional 
corrections are applied to the pressure field to account for 
the boundary layer blockage effect during the forward marching 
process. It! is, however, doubtful whether such a technique 
could reflect the true elliptic and compressible nature of the 
subsonic flow. In particular, the simple one-dimensional 
correction to account for the viscous blockage effect over- 
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simplifies the three-dimensional nature of the flow especially 
when the displacement effect of the boundary layer could 
significantly alter the effective duct flow geometry. These 
deficiencies are revealed by Vakili et al (1984) when the 
method was used in validation against subsonic flow data 
obtained from circular S-ducts. 
Similarly, after. noting the shortcomings of parabolic 
methods, Pratap & Spalding (1975) adopted a partially- 
parabolic approach to compute incompressible flow in square 
curved ducts. In their method, the elliptic influence of the 
pressure field is introduced by an iterative, marching- 
integration procedure where several sweeps of the flow domain 
are made; in each sweep a better estimate of the pressure 
field is used, and correction is applied to the pressure field 
at each streamwise station such that the mass-continuity 
equation is satisfied locally again retaining one-dimensional 
corrections which render the elliptic influences only in an 
approximate manner. Lin & Guo (1986) further developed this 
method for compressible duct flow and reported good agreement 
with the experimental data when the method is used to compute 
subsonic flow in an S-shaped square duct. Pratap et al 
demonstrated that the partially parabolic approach is a 
plausible method for tackling three-dimensional duct flow 
problems. However, their schemes required considerable re- 
formulations and further development in the grid generation 
area before it can be used for flow in arbitrary duct shapes. 
In the present work, the viscous/inviscid interaction 
scheme developed by Ahmed et al (1984) is used. The scheme is 
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developed for general three-dimensional duct flows based on 
high Reynolds number boundary layer models and rotational 
inviscid core flow with no approximation in the elliptic 
influences. This scheme is believed to be most appropriate for 
flows in jet engine intakes which often consists of a large 
proportion of core flow and a well defined boundary layer 
region. 
The core flow method used here is based on the solution 
of the Euler equations by iterative space matching techniques 
in general curvilinear co-ordinates. The present method 
derives from the Stuart & Hetherington (1970) scheme which has 
been improved considerably by successive research workers at 
the University of Salford. The flow concerned is three- 
dimensional, compressible, inviscid and may contain major 
regions of vorticity in the core flow. 
The wall, or boundary layer region, is calculated by an 
integral method which affords a very efficient use of 
computing time when compared to differential methods. The 
method is based on the work by Myring (1970). The flow 
considered is turbulent, fully three-dimensional and 
compressible. 
Individual validations for the core flow and the boundary 
layer methods have been carried out by Ahmed (1984). However, 
in order to use this viscous/inviscid interaction method in 
practical cases, comparison between calculated and measured 
results is necessary. The validation of the overall 
viscous/inviscid scheme for design purposes is one objective 
of the current work. 
Details of the methods introduced above are outlined in 
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the following sections. The addition of centre body treatment, 
which is required in the present work, and the calculation 
procedure are also described. 
Finally, the viscous/inviscid scheme is used to 
calculated flows in Duct M and N. Comparisons between the 
calculated and measured results are presented and discussed. 
5.2 Theory 
5.2.1 Grid generation 
The need for grid generation of boundary-fitted 
curvilinear coordinates arises in the numerical solution of 
fluid flow problems influenced by complex surface geometries. 
In order to maintain accuracy at the boundaries it is 
important that the discretised boundaries are coincident with 
the mesh points used in the numerical solutions, thus avoiding 
interpolation of the boundary conditions. 
The method used here is based on the work of Thompson et 
al (1982) and involves the solution of Laplace's equation in 
the transformed plane, yielding a quasilinear system of the 
equations in the physical plane, given by 
g 
22 
xU- 2g 
12 
x 
fl 
+g 
11 
x 
nn 
= -g(Px + Qx 
n) 
(5-1a) 
and 
9 
22 
y- 2g 
12 
yn+g 
11 
y 
nn 
= -g(Py + Qy 
n) 
(5-1b) 
where P and Q are control terms used to adjust the shapes of 
the mesh lines. 
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5.2.2 Core flow calculation 
The inviscid rotational method is based on the work of 
Stuart & Hetherington (1970) and is derived from the 
continuity, momentum and energy equations for inviscid, 
compressible and rotational steady flow in general curvilinear 
coordinates. The analysis and presentation of these equations 
are achieved effectively by using standard tensor notation. 
The basic steady flow equations written in general 
curvilinear coordinates are as follows: 
1 
Continuity: (pu ), =0 (5-2) 
1 
ji ij 
Momentum: uu -1 g p, (5-3) 
JpJ 
and 
1 
Energy: uH0 (5-4) 
oi 
i 
The curvilinear velocities u are replaced by new variables 
i 
A, defined by 
ii 
vA =u 
312 
where A =1, and A and A are the transverse velocity ratios; 
3 
V is the through flow component along the x axis in the 
general direction of the main flow. After much manipulation 
involving the equation of state and the second law of 
thermodynamics, the flow equations may be written in the form: 
i 
Continuity: a (1PVa )=0 (5-5) 
i 
ax 
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1 
Momentum: (1-M2) [ V2A {a (g Xi) -a (g A)} 
i 7k k ii 
ax ax 
+H, + 1(H -2fV2)(LnA), - ; f(V2), 
] 
ok7okk 
lii 
- V2g a[1a (/a )- ; V2X f, 
]=0 
lk i C2 i 
ax 
(k=1,2,3) 
where 
(5-6) 
22mn M= y f, f= gAA and A= exp(-S/c 
C2 mit v 
and 
1 
Energy: AH0 (5-7) 
oi 
3 
The momentum equation in the x direction (k=3) is then 
replaced by the entropy conservation equation: 
i 
A A, 
i=0 
(5-8) 
The through flow velocity in the two transverse momentum 
nC 
equations (k=1,2) is replaced by V and V respectively. The 
12 
x and x momentum equations become 
(VTI )2 a-b a(VTI )2 +C=0 (5-9) 
1111 
ax 
and 
(V )2 a-b 9(V )2 +C=0 (5-10) 
2222 
ax 
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where 
ijj 
a= Jý {a (g A)-a (g a)}-1fa (LnA) 
ki jk k ij -y k 
ax ax ax 
-Xg{1a (/a )- 2V2X of } 
(1-M') lk /i C2 i 
3x9x 
i b= zf , 
k 
CH1 3(LnA) +aH 
koykko 
ax ax 
and 
TI 
V=v when k=1 
C 
=V when k=2 
TI 
By replacing V by V and V, an extra unknown has been 
introduced. The additional equation required to complete the 
set may be obtained by writing the continuity equation in the 
following two forms: 
n12 
acva)+ a(VA)+ a(V)=0 (5-11) 
123 
ax ax ax 
and 
nC2 _C a (V A)+a (V A)+a (V )=0 (5-12) 
], 23 
ax ax ax 
t 
where 
nn _c 
c 
V= Y/g P V, V=/ pV 
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and 
p=H (Y-1)A 1 
01+ ? (y-1)M2 Y-1 
There are now six equations (5-7 to 5-12) for the six 
n12 
dependent variables H, A, V, V, A and A 
0 
The distributions of inlet total pressure, total 
12 
temperature, transverse velocity ratios A and A and the 
through flow velocity or static pressure are required as inlet 
boundary conditions. The description of transverse velocities 
must be compatible with other boundary conditions and must 
satisfy the continuity equation at the inlet plane and the no 
through flow conditions at the passage wall. 
At outlet the boundary conditions must be chosen so that 
downstream features are anticipated. The only general case in 
which simple outlet conditions can be specified involves a 
parallel passage of constant area in which the outlet flow 
settles into a pattern of similarity. Streamline gradients of 
the through flow velocity may for example be taken as zero at 
outlet. Thus 
nc ay = ay =0 (5-13) 
33 
ax ax 
5.2.3 Boundary layer calculation 
The integral boundary layer method used here has been 
developed for the calculation of three-dimensional 
compressible boundary layers with rotational outer flows. The 
method is based on the work of Myring (1970) and 
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Pilatis (1986), who derived the three-dimensional integral 
boundary layer equations in curvilinear coordinates. 
Equations used in the present work are summarized below. 
The terms underlined account for variations in total pressure 
in the core flow. 
The streamwise momentum equation is 
ao+0[ (2-M2)U +k]+ 
as 11 11 ess 
a0+0[ (1-M2)U + 2k ]- T-n 12 12 enn 
0k+dU+6 (U +k )= 2cf + Fk S (5-14a) 
22 s1s2nn1u 
The crossflow momentum equation is 
ao+0[ (2-M2)U + 2k ]+ao+ 
as 21 21 ess an 22 
0 (2-M2)U +k (0 -0 -ö )= 4cf - FAk d (5-14b) 
22 enn 22 11 12u 
Continuity gives: 
a (S-S )+ (S-S )[ (1-M2)U +k]- 
as 11ess 
aS-S[ (1-M2)U +k]=F (5-15) 
an 22enn 
where U and U are defined by 
s "n 
U= iaUU=1au& q__ (av) 
(5-16) 
sU as enU än e au e 
ee 
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and 
* 
U= [1 +k (d-d )] [u2 + V2 + 2u vg /h h] (5-17) 
eu**** 12 12 
where the subscript * denotes the displacement surface. 
The curvature terms k and k are derived from continuity and 
sn 
vorticity considerations in the streamline and curvilinear 
coordinate system. Thus 
k=1ah 
Sh as 2s 
2s 
=1{a (qu /h U)+a (qv /n U)} (5-18) q ac e1e an e2e 
and 
k1ah 
nh @n is 
is 
=1{ö (h u /U +gv /h U)- 
q 3n 1ee 12 e2e 
a (g u /h U+hv /U )} (5-19) 
aý 12 e1e2ee 
The rotationality term k is related to the total pressure 
u 
gradient normal to the boundary layer surface, and 
k= 1 aU 
u U aý e 
e 
11ap (5-20) 
mPaý 
eo 
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Several empirical assumptions are used in solving these 
equations; these include forms of velocity profiles in order 
to derive relationships between the boundary layer integral 
parameters: 
a) The streamwise profile which is taken to be 
n 
u/U = (z/z 
e 
where z=J (P/P )dc and' n 
0e 
This assumption produces the following relationship 
x= (a-6 )/o 
11 11 
= 2H/(H-1) 
where (H-0.2M2)/(1+0.2M2) and H=d /0 
ee1 11 
b) The Mager crossflow velocity profile is chosen for the 
present work 
v/U = u/U (1-z/z a 
)2tanß 
eea 
Together with a), the crossflow thicknesses 0,0,0 
12 21 22 
and 6 can be related to the streamwise momentum thickness 
2 
0, H and by the equations of the form 
11 0 
(i+j-2) 
_ 4= (tans )M (H) 
ij 11 0 ij 
and 
=0 (tans )M (H) 
2 11 o2 
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where M (H) and M (H) are defined in (D14] and tan$ is 
ij 2o 
defined by 
tan B= av I 
0 -9-u C=o 
c) The streamwise component of the skin friction is based on 
the Ludwieg-Tillman relationship and is given by 
_ -0.268 
0.762 
cf = 0.246exp(-1.561H)Re (T IT ) 
1eem 
The crossflow value is 
cf = cf tan $ 
210 
where 
Re =U0 /v 
0e 11 
and 
T /T = 0.72(1+0.18M2) + 0.28 
mee 
d) The entrainment function in Green's form of Head's 
original relation is expressed as 
F=0.025H - 0.022 
Figures 5-1 and 5-2 show 
against measured data for the 
comparisons are good, except in 
separation (in Duct N), where poor 
is inferred to be caused primarily 
boundary layer assumptions. 
pese empirical assumptions 
present test cases. The 
the vicinity of the flow 
correlation is found; this 
by a breakdown of the usual 
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5.2.4 Centre body treatment 
The calculation scheme in its present form cannot be 
applied to a duct with centre body nor can it handle 
bifurcations. The main reason is because of the formulation in 
Stuart & Hetherington method which assumes a finite flow 
magnitude with Mach number greater than 0.1 in the streamwise 
direction. The inclusion of a centre body would incorporate a 
stagnation point on the nose and introduce some form of flow 
bifurcation. Therefore, a correction scheme is introduced to 
include the centre body effect. 
The existence of the centre body is treated 
axisymmetrically. The Hess & Smith (1967) ring source panel 
method (App. C) is used to calculate the flow in a circular 
duct with a centre body, having the same area distributions as 
the duct tested. The duct wall and the centre body profile are 
represented by ring source panels (Fig. 5-3a). The use of this 
special panel method eliminated the need of circumferential 
discretisation thus significantly reducing the error due to 
'leakage', which is a typical deficiency in using panel method 
for internal flow problems. 
The use of the panel method ensures the elliptic effect 
caused by the centre body is accounted for, as against the 
non-elliptic (or formally one-dimensional) area ratio approach 
(Fig. 5-3b). 
In adopting the axisymmetric panel method approach 
the blockage effect caused by the centre body is assumed to be 
uniform around the duct wall. The shortcomings of the this 
assumption in applications to non-axisymmetric ducts will be 
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discussed later _ 
The calculations are carried out with and without the 
centre body. Then the effects of the centre body, including 
both Mach number (using Prandtl-Glauert rule [A20]) and 
upstream effects, on the pressure field at the wall are 
generalized and used to correct the streamwise velocity in the 
core flow. 
5.2.5 Calculation procedures 
In the present test cases, a computational grid size of 
9x9x36 (9x9 crosswise & 36 streamwise) is used for the core 
flow calculations; grid size of this order has been 
demonstrated by Ahmed to be sufficient to produce accurate 
solutions. The streamwise grid is further subdivided in order 
to obtain accurate boundary layer solutions; the inviscid flow 
variables at the new grid points are obtained by the cubic 
spline interpolation in the forward direction. 
The first calculation plane is taken to be the inlet 
plane of the transition duct, which is '1.0 times the 
equivalent inlet diameter upstream of the duct throat. The 
inlet condition in this plane can safely be assumed to be 
uniform with negligible cross flow components. 
Starting conditions required to perform the core flow 
calculation are inlet Mach number, inlet total temperature and 
inlet static pressure for the core flow calculation. Here, 
the measured values of static pressure, total pressure and 
total temperature are used; the inlet Mach number is 
calculated from isentropic flow relationships. 
79 
The boundary layer starting conditions required are the 
momentum thickness 0 and shape factor H. These data are 
11 
unavailable at t he calculation inlet plane, hence are 
determined by an iterative proces s using a two-dimensi onal 
integral boundary layer analysis; the required data at the 
inlet are decided by matching calculated values to the 
measured values at the throat. 
In order to avoid the outlet boundary conditions 
affecting the calculations, a constant cross-section extension 
of twice the the duct outlet diameter is added to the duct 
outlet. At the calculation outlet plane the flow is assumed to 
have settled into a pattern of similarity; the streamline 
gradients of the through flow velocity are taken as zero. 
The displacement surface method is used to match core flow and 
boundary layer development; this involves modifying the wall 
shape using the displacement thickness 6* to give a new 
effective boundary for the core flow calculation. Using a core 
flow solution, the boundary-layer calculation is carried out. 
Then using the calculated displacement surface, the core grid 
is re-generated and another core flow calculation is carried 
out. This represents one cycle of the calculation; up to 250 
cycles are required to obtain a converged solution. Typical 
cycle time is 45 sec using the CDC7600. 
When pressure gradients which drive the boundary layer 
equations are applied in full, the calculation may fail, 
before proper matching of core and boundary layer solutions 
has taken place. Therefore a relaxed portion of pressure 
gradient is applied first, and slowly increased until the full 
pressure gradient is applied. 
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Convergence of the viscous/inviscid interaction 
calculations is assumed when the maximum successive change in 
the displacement surface thickness d is less than 0.01% of 
the value of 6 at the inlet; in the case of core flow 
calculations, convergence is assumed when the error between 
nC 
the two transverse through flow velocities V and V is less 
than 1% 
5.3 Results and discussions 
5.3.1 Pressure coefficient and Mach number distributions 
Flow quality in an intake duct may be assessed to some 
extent by surface pressure distributions along the duct at 
various circumferential stations. This shows the regions with 
strong pressure gradients in both circumferential and 
longitudinal directions. Hence problem regions may then be 
broadly identified, especially if viewed together with 
boundary layer parameters which will be discussed later. 
The present intake ducts have no centreline shift in the 
y (spanwise) direction so that the plane of symmetry contains 
the z (pitchwise) axis. The flow at the outside of the bend 
near the engine face encounters difficult conditions upstream 
of the bend owing to continuous pressure rises. On the other 
hand the flow along the inside of the bend encounters some 
problems downstream of the bend owing to the flow expansion. 
Therefore, the measured pressures on both the upper and lower 
walls along the duct are compared with those calculated. 
Figures 5-4 and 5-5 show the pressure coefficient Cp and 
Mach number developments of Duct M at low inlet Mach number. 
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The predicted pressures in upstream stages of the duct on the 
upper and lower walls coincide with each other, showing very 
little circumferential pressure gradient. However, the results 
for the upper and lower walls start diverging at about X=50mm 
indicating that the effects of the duct bend and the centre 
body reach even further upstream than predictions suggest. 
The prediction shown in the figure agrees very well with the 
measurement for the lower wall. There is disagreement around 
the upstream end of the centre body which starts at X=412mm. 
The calculation seems to have over estimated the effect of the 
centre body in the region of the centre body nose and 
consequently produces a rapid pressure rise especially on the 
inside wall just downstream of the bend. However, the overall 
correction to the streamwise velocity, due to the centre body 
seems to have produced reasonable results. 
Figures 5-6 and 5-7 show the Cp and Mach number 
developments of Duct M at a higher inlet Mach number. The 
predicted results in the upstream region fall between the 
measured data along the upper and the bottom walls. In the 
region of the centre body nose the prediction again slightly 
over estimates the centre body effect. The general trend for 
the developments along the duct are very similar to those of 
the low inlet Mach number case. It is clear from these two 
cases of different inlet Mach numbers that even with the 
effects of flow compressibility starting to play an important 
role, the calculation procedure is capable of predicting the 
duct surface pressures with acceptable accuracy. 
Duct N has two bends and even more severe turning angles 
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than Duct M. Measurement has revealed a region of flow 
separation on the upper wall approaching the second bend. The 
aim of the exercise was to test the method in coping with such 
complex geometries and the associated difficult flow 
conditions. As a result, the strong viscous/inviscid 
interaction was encountered in the flow separation region 
which gave rise to serious difficulties of numerical stability 
in the computation. Hence, substantial initial relaxation in 
pressure gradient had to be used before a final converged 
solution with full pressure gradient was obtained. 
The Cp and Mach number developments for Duct N at an 
inlet Mach number of 0.61 are shown in Figs. 5-8 and 5-9. The 
prediction falls short in capturing the peak Mach number and 
the maximum pressure drop on the inside wall of the first 
bend. This is likely to be caused by the lack of streamwise 
grid points in defining the high curvature convex surface. 
Consequently, the prediction appears to have missed the 
separation region on the upper wall, but overall it produced 
reasonable results for a very difficult flow involving 
compressibility effects. 
5 . 3.2 Boundary 
layer parameters 
The development of the' boundary layer thickness 
influences the core flow solutions. An accurate prediction of 
duct flows is possible only if reasonably accurate prediction 
of the boundary layer parameters is available, and from these 
parameters the true duct performance parameters such as 
pressure loss and distortion levels can be evaluated. 
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Figures 5-10 and 5-11 show the displacement thickness a 
1 
and momentum thickness parameter 0 developments for Duct M 
11 
at low inlet Mach number. A rapid growth of the boundary layer 
upstream of the centre body is clearly seen. The general 
trends of the predicted results agree with those of the 
measurements. On the upper wall, the boundary layer grows and 
the shape parameter H increases. The growth rate on the upper 
wall is higher than that on the lower wall because of the 
bend. A rapid decrease in the thickness downstream of the bend 
is caused by the presence of the centre body. The flow 
accelerates in the streamwise direction giving favourable 
pressure gradients effectively produced by the centre body 
blockage. This is also seen in Figs. 5-12 and 5-13 where the 
shape parameter H and the skin friction coefficient cf are 
1 
presented. However, on the inside of the bend, fluid migration 
due to circumferential pressure gradients and exaggerated 
adverse pressure gradients from the calculation cause the 
boundary layer to grow much more rapidly than is indicated by 
the measurements, from approximately X=450mm: this is due to 
the special combination of the excessive streamwise adverse 
pressure gradient (see Fig. 5-4) and the boundary layer flow 
convergence in the region; this combination is possible only 
in fully three-dimensional flow. 
Figure 5-14 shows the boundary layer parameters and the 
limiting streamline angle ß at the engine face. Similarly, 
0 
the agreements appear to be influenced by the limitations of 
the centre body treatment adopted. Discrepancies appear mainly 
on the lower wall, due to the reasons discussed above. 
However, the method predicted successfully the main features 
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and the trend of the boundary layer growth up to this 
location. 
In Duct N the growth of the boundary layer is more 
complex than that of Duct M owing to the combined effects of 
the two bends. Figs. 5-15 and 5-16 shows the developments of 
6 and 0 for Duct N at a high inlet Mach number. The 
1 11 
developments of H and cf 
1 
for the same case are shown in Figs. 
5-17 and 5-18. The comparison between prediction and 
measurement shows reasonable agreement in the upstream region 
of the duct. In the area of flow separation, the prediction 
shows only signs of near separation; the calculation did not 
break down numerically as might be expected for separating 
conditions. The failure to predict the maximum pressure drop 
near the throat is probably the result of both a deficiency in 
centre body correction and inlet conditions for the 
calculation which are idealized versions of the real inlet 
conditions. Small non-uniformities in the core flow and 
boundary layer may be amplified and cause more severe three- 
dimensional effects. This could lead to separation in the 
experiment but not in the calculation. 
Figure 5-19 offers some insight into the direction of the 
fluid transport in the boundary layer of the idealized 
(predicted) flow in Duct N. In the diagram, the solid lines 
represent the direction of the external flow streamlines while 
the dotted lines represent the direction of the skin friction 
lines on the duct purface. Since the duct surface is non- 
developable, the streamline patterns are drawn in a 
rectangular cartesian system corresponding to the 
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computational domain of the curvilinear grid. The choice of 
grid lines coincide very closely with calculated streamlines 
shapes, which consequently appear almost straight. The 
divergence and convergence of the skin friction lines is 
readily detectable; strong convergence of the skin friction 
lines indicate the build-up of boundary layer fluid, 
signalling the possibility of an approach to boundary layer 
separation. In the case of Duct N, the effect of the centre 
body can seen to have inhibited further build-up of boundary 
layer fluid on the upper wall of the duct thus preventing 
boundary layer separation. The boundary layer flow convergence 
problem is, however, shifted to the lower wall region and is 
further strengthened by the circumferential pressure gradient 
set up by the second bend. 
5.4 Concluding remarks 
A method of calculating jet engine 
is presented; the flow concerned is 
compressible. The overall solution 
viscous/inviscid interaction. Measured 
are compared for both a moderately curv 
curved duct for both low and high inlet 
air intake duct flows 
three-dimensional and 
is obtained using 
and predicted results 
ed and a more severely 
Mach numbers. 
The developments of the surface pressure along the ducts 
obtained from prediction and measurement agree well. The 
general trends of the boundary layer development are also well 
predicted. Except in region where there is flow separation, 
the main disagreement can seen to be in the centre body 
region. This indicates that the limitation of applying the 
86 
axisymmetric centre body correction to non-axisymmetric ducts, 
hence it suggests that further improvement is necessary in 
order to obtain better agreement. 
It should be pointed out that the intake ducts 
investigated in this work are shorter than conventional ducts 
and are to be used on jet engines with exceptionally large 
compressor face centre bullets. Hence the effect of the centre 
bullet on the intake duct flow is significant and must 
therefore be accounted for in the flow calculation. On the 
other hand, "for a more conventional aircraft intake where the 
length is normally less restricted, thus allowing an elongated 
S-duct with a small engine face centre bullet, the influence 
of the centre bullet is less pronounced and therefore much 
more amenable to the methods used here. Thus the method is 
likely to perform better in this circumstance. 
The method is clearly shown to be capable of flow 
prediction in ducts with very difficult conditions. 
Although it is limited to the prediction of attached flow, the 
comparisons made have highlighted the diagnostic benefits of 
the method's capability in locating problem areas in flow 
passages. Hence, the onset of flow separation can be used in 
setting design limits such that flows remain attached, and 
where possible the optimization of the duct geometry in the 
interests of low losses and good profiles of total pressure. 
As described earlier, the prediction scheme offers a quick, 
effective means of assessing three-dimensional effects in 
intake ducts, especially where comparisons between ducts or 
changes in surface shape are considered. 
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CHAPTER 6 CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER WORK 
6.1 Conclusions 
An open circuit static test rig and instrumentation 
system have been established in the aerodynamic laboratory of 
the University of Salford for the study of three-dimensional 
subsonic duct flow for both missile and aircraft applications. 
The rig is capable of mass flow rates and unit Reynolds 
numbers up to 5 kg/s and 2x10'/m respectively. Severe flow 
unsteadiness was initially experienced with this open circuit 
test facility. The problem was found to be caused by the 
inhalation of the ground vortex as a result of the proximity 
of the inlet to the ground. This problem was eventually solved 
by the use of a filter box which enclosed the inlet region of 
the rig. 
Detailed flow measurements have been made in three 
different ducts designed as offset intakes to rear mounted gas 
turbine engines in missile applications. The duct offset is 
confined to a single plane, which is also the missile 
pitchwise plane and the plane of symmetry of the duct. Three 
ducts have been tested, each having different upstream bend 
geometries but identical downstream bend geometries, similar 
offsets and area distributions. The measurements were carried 
out at duct throat Mach numbers of nominally 0.15 and 0.6. 
Care has been taken to ensure that a fully turbulent but 
thin boundary layer was established in the test duct inlet 
r 
throughout the test speed range. This was necessary to avoid 
the uncertainty in the duct inlet boundary layer conditions 
which result from the natural transition. 
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Flow symmetry about the symmetry planes of the intake 
ducts was observed except in the case of Duct J where there 
was large scale flow separation. 
Streamwise surface pressure distributions have clearly 
shown the effects of the duct bend, and the centre body which 
simulates the engine compressor face bullet. The surface 
pressure field offers an insight into the likely areas of 
difficulty within the flow passage. It is, however, unable to 
reveal clearly the region of flow separation in the complex 
three-dimensional internal flows. 
Although boundary layer development in the plane of 
symmetry of each duct exhibits similarity to a two-dimensional 
boundary layer development, the plane of symmetry boundary 
layer flow contains strong flow convergence and divergence in 
the bend regions as a result of the transverse pressure 
gradients; this is clearly shown by the momentum balance and 
the surface oil flow patterns. The stabilizing and 
destabilising effects of the convex and concave surface of the 
bend, respectively, can be observed from the logarithmic 
velocity profiles. 
From three-dimensional boundary layer measurements, 
various kinds of crossflow profiles including those similar to 
the Johnston and Mager types, and near separation and re- 
developing types were obtained. No bi-directional profiles 
were however encountered because of the long straight 
diffusing section which exists between the upstream and 
downstream bends in each duct. The effects of the re-direction 
of the flow by the upstream and downstream bends (i. e. sign 
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reversal of the transverse pressure gradient) canbe-_seento have 
changed the direction of crossflow within the side wall 
boundary layers in the cases of Duct J and N. Significant 
crossflow within the boundary layer measured at the engine 
compressor face plane of each duct indicates the persistent 
effects of the transverse pressure gradient; the crossflow at 
the engine face contributed significantly to the swirl and 
distortion coefficients. 
The duct flow features remain similar at low and high 
inlet speeds. The effects of compressibility at high inlet 
speed canbe, seento have amplified the adverse conditions on the 
upper wall of each duct; the main cause could be attributed to 
the increase in streamwise pressure gradient immediately 
downstream of the first bend which results in the considerable 
thickening of the boundary layer thereafter. Owing to the 
small to moderate adverse pressure gradients on the lower wall 
of each duct, the boundary layer development remained largely 
unchanged with the increase in inlet speed, with the exception 
of the increase in shape factor and the decrease in local skin 
friction coefficient as a result of the compressibility 
effects. From the engine compressor point of view the viscous 
region becomes dominant at high speed, causing considerable 
total pressure loss and distortion. 
The upstream bend geometry of the ducts is by far the 
most influential feature affecting the duct flow processes. 
Detailed evidence is presented in the forms of surface flow 
visualization and its interpretation indicating a firm trend 
towards three-dimensional separation as the upstream bend is 
increased in severity. The separation region embodies -complex 
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features which characterize three-dimensional boundary layer 
separation. These features are the critical points formed as 
the shear stress components of the boundary layer vanish at, 
the surface. Critical points in the form of spiral focii, 
saddle points and attachment nodes were readily identifiable 
from the surface flow visualization. The most notable type is 
the spiral focus, which generally results in vortical flow 
springing from the surface. The effect of the centre body on 
ducts with flow separations can be seen to have imposed a re- 
attachment node point downstream of the separation region, 
which concludes the separation process. However, the re- 
developing boundary layer flow thereby introduced is most 
likely to be of high energy dissipation (D9] and the 
streamwise vortical flows induced as a result of the vortex 
type separation would certainly be continued further into the 
engine compressor. Topological analysis was carried out on the 
surface flow visualization thus enabling the spatial 
separation flow structure to be conjectured. 
The method of Ahmed et al for the prediction of subsonic 
compressible flows in ducts of arbitrary three-dimensional 
geometry has been evaluated. The method is most appropriate to 
the treatment of high Reynolds number flows in which a 
significant inviscid core flow region may exist. The viscous 
flow in the wall region is assumed to be of the boundary layer 
type, and is represented by the three-dimensional integral 
method of Myring. The boundary layer and core flow regions are 
matched using the displacement surface method in which the 
boundary for the inviscid core calculation is taken to be the 
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solid wall displaced inwards according to the local value of 
the displacement thickness. 
The use of a general coordinate system based on the body 
surface, together with the method for obtaining the metric 
coefficients of the coordinate. system from the Cartesian 
coordinates of the body surface, results in an extremely 
flexible computer program which enabled all the results 
contained herein, pertaining to various duct geometries, to be 
obtained with no changes to the program. 
The prediction method is restricted to the treatment of 
attached flows. Comparisons of the calculated results with 
experimental data indicated that if separation is not 
imminent, the flow is most likely to be predicted with a high 
degree of accuracy. In regions where the flow is approaching 
separation, however, the predictions can be considerably in 
error. In addition, the prediction method does not support 
flow bifurcations or the presence of a body in the duct flow 
passages. Hence, the strong influence of the centre body on 
the duct flows in the present test cases had to be treated 
independently. The axisymmetric ring source panel method of 
Hess & Smith was used. Although this method produced 
reasonable correction factors including elliptic effects of 
the centre body, the results of the comparisons have shown 
that the axisymmetric treatment appeared to be too idealized 
for the complex three-dimensional flow. In addition, the 
favourable effect of the centre body on the diffusing duct 
flows can be seen to have introduced relaxing (non- 
equilibrium) type boundary layer flow in the engine face 
region which is likely to present a problem for the integral 
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boundary layer prediction method. 
Despite the aforementioned limitations, the prediction 
method has demonstrated the capabilities of predicting flows 
in ducts with severe geometries and of locating problem areas 
in flow passages. It is also believed that the method is most 
likely to perform better on conventional aircraft intakes with 
ducts usually of moderate offsets and geometries. 
6.2 Recommendations for further work 
Although the present instrumentation and data acquisition 
systems are well established for future research work, the 
dependency of the system on main frame computing facilities 
could in many circumstances lead to situations beyond the 
researcher's control. Hence, experimental progress could be 
hindered. An independent micro-computer system devoted to the 
test rig alone should be considered. Once such a system is 
established, the automation of the boundary layer traversing 
process should then become easy. It may take some time 'to 
develop such a system and the software. However in order to 
collect and process much more data than has been obtained in 
the present measurements, it will eventually save a 
considerable amount of time. 
In the present work, intake ducts with only single plane 
offset were studied. Ducts with multiplane offsets are also 
common in aircraft intake systems as well as in other 
industrial installations; therefore these should also be 
studied. Results of the present investigation should be used 
to provide guide lines on the order of duct offset, the type 
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of bend geometry and the appropriate area distribution such 
that large scale separation could be avoided in future ducts 
to be designed for investigation. Three-dimensional boundary 
layers with bi-directional cross -flow profiles could be 
obtained by minimizing the transition distance between 
opposite bends, therefore enabling bi-directional cross -flow 
models to be tested. 
The present work considered only intake ducts subjected 
to uniform inlet conditions. The effects of non-uniform inlet 
conditions such as those produced by aircraft at high angles 
of incidence, side-slip, gust, etc. on the internal flow 
should be investigated. The experimental results could be used 
to check the effectiveness of the rotational core flow 
formulations in the prediction method. 
Turbulence measurements should be carried out at some 
stage to obtain the Reynolds stress fields, in particular the 
-u'v' and the -w'v'. shear stress vector components within 
boundary layers. The results should offer confirmation of the 
type of turbulence models to be adopted if a differential 
boundary layer method is to replace the integral method in the 
prediction method. 
The prediction method excludes the treatment of ducts 
having cross-sections with sharp corners. The lack of this 
treatment accounts for some of the disagreements with 
experiment which were apparent when the code was used to 
predict flow in a military aircraft intake duct with square to 
circular cross-section transition [C12). Ducts with square 
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cross-section are also common in industrial installations and 
air-conditioning systems owing to their simplicity in 
construction. Therefore, corner flow treatment should be 
included at some stageand a differential boundary layer method 
with appropriate turbulent modeling is certainly required to 
produce good results. 
Further, in order to increase the versatility of the 
prediction method, ways should be explored of extending the 
method to flow prediction in bifurcating ducts and flow 
passages with bodies such as the centre body and other flow 
conditioning devices. 
Separation in three-dimensional flows presents major 
difficulties in prediction methods. Major efforts are 
certainly required to extend the present method to be able to 
calculate the type of complex three-dimensional separations 
encountered in this work. Although the problem provides an 
interesting challenge, it was of secondary importance here as 
the prime objective was to design intake ducts in which such 
separation is avoided. In the present method, the onset of 
separation can be used as a design boundary to be avoided 
where possible in the interests of low losses and good 
profiles of total pressure. For near separation regions where 
boundary layers have high values of H. the accuracy of the 
predictions in some cases will most probably be improved by 
using Coles law of the wall plus wake for the streamwise 
velocity profiles and the extension of Green's lag-entrainment 
relationship for calculating the entrainment' coefficient 
(A26]. In small confined separations, boundary layer flows can 
be treated by the use of inverse methods such as the FLARE 
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approximation of Williams (Al]. This would involve 
the U aU /as term and the specification of 
ee 
thickness followed by an inverse solution of 
boundary layer parameters. 
i 
neglecting 
displacement 
the other 
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Appendix A 
Crossflow models 
a) Linear inviscid model 
Inviscid analysis of Squire, Winter & Hawthorne (1950-51) 
states that if velocity u is constant along the streamline, 
the change in streamwise vorticity between two stations is 
given by 
w-w= -2aau/3ý (A-1) 
s2 sl 
where a is the flow turning and w is the streamwise 
s 
vorticity. For flow with initially zero streamwise vorticity, 
negligible normal velocity w and spanwise gradient 3w/an (see 
Fig. A-1), Equation (A-1) reduces to 
av/aC = 2aau/3C (A-2) 
If a boundary condition v=0 at u=U is imposed then 
e 
integration of Equation (A-2) gives an alternative crossflow 
model 
v/U = -2a(1-u/U ) (A-3) 
ee 
b) Johnston's triangular model 
Johnston (1960) obtained aresult similar to Equation (A-3) 
for the outer portion of the boundary layer. For the inner 
portion he suggested the collateral (constant angle) flow 
condition, which also includes the allowance for finite 
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velocity defect. Hence a triangular representation 
resulted (Fig. A-2) 
u/U tan B 
e0 
v/U = 
e 
A(1-u/U 
e 
Region I 
Region II 
where ß is the limiting streamline angle 
0 
and 
a 
A= -2u 2f da/u 2 
0 
, _ifquals 
a constant along the streamline, 
A= -2a 
c) Mager's model 
Mager (1952) adopted a parabolic 
representation (Fig. A-2), 
v/U = U/U (1_C/6)2 tans 
eeo 
type crossflow 
For compressible flow it is assumed that this representation 
may be generalized as 
v/U = u/U (1-z/z )2tanß 
ee6o 
where z=f (P/P ) dC 
0e 
streamline 
S 
FIG. A-1 STREAMLINE COORDINATES AND 
UNI-DIRECTIONAL CROSSFLOW 
V 
U 
e 
0 
0 
u 
Ue 
FIG. A-2 CROSSFLOW POLAR PLOT 
JOHNSTON 
--- MAGER 
Limiting 
Streamline 
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Appendix B 
Critical points in three-dimensional flow separations 
various kind of vortex type flow separations 
Separation Attachment 
a) Nodal points 
\/1 
DD 
b) Saddle point 
c) Spiral foci 
d 
PLANE zazo 
y 
us N0 
N' 
1rS. 
0 
v' Y(. c; Z, ) 
x 
-<<ý J 
d) Critical points in cross section 
of flow [ref. F3] 
N-node, N'-half node 
S-saddle, S'-half saddle 
FIG. B-1 CýRLTIAL__POINTS_[ýý, {, _E, 
7, J__ 
3D critical point 
/ N, nodal point of attachment 
1 
1 
a) 
b) 
I 
C) 
H, nodal point of separation 
No critical point 
on surface 
: -'-vortex line 
on surface 
I 
FIG. B-2 VORTEX TYPE FLOW SEPARATIONS (ref. F11] 
a) & b) global types 
c) local or open type 
N-node, S-saddle 
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Appendix C 
Axisymmetric ring source panel method of Hess & Smith 
Consider Fig. C-la. The potential cp and the 
ij 
corresponding axial and radial velocity components at the 
control point i due to the thin ring source j of radius a and 
unit strength located at x=b are 
n 
f (a/r ). a4 
ij -n ij 
(C-1) 
n 
Vx = -ay/@x = 2a f[ (x-b)/r3"2 ] dý (C-2) 
ij 0 ij 
IT 
vy = -acp/ay = 2a f[ (y-a*cosiy)/r3/2 ] d4 (C-3) 
ii 0 ij 
where r2 = (x-b)2 + y2 + a2 - 2a*v*coO 
ij 
Integrals of Equations (C-2) and (C-3) can be written in 
terms of complete elliptic integrals thus enabling the 
velocity components to be represented by power series in terms 
of at x and y (C61. 
Equations (C-2) and (C-3) are to be integrated 
numerically for a ring source panel of finite length and 
special treatments are required for the case when i=j which 
are detailed in [C7]. 
The required source strengths (a ) in order to satisfy 
j 
the prescribed boundary conditions are obtained by solving the 
'system of linear equations: 
Aa= -n 'V +F 
j=1 ij ji 00 i 
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where 
A=n "V 
ij i ij 
n= -sin8i + cos8j (unit normal to panel) 
i 
V= Vx i+ Vy 
ij ij ij 
N is the number of ring source panels 
0 is the slope angle of the panel 
V is the onset flow 
Fi is the prescribed normal velocity 
2 
a) 
n 
V 
Co 
b) 
9 
FIG. C-1 RING SOURCE PANEL METHOD 
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